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Abstract 
There have been rising concerns about emerging contaminants that are not efficiently removed by 
conventional wastewater treatment plants. TiO2 photocatalysis is one of the promising routes for 
sustainable wastewater treatment. Research on the use of TiO2 photocatalysis for water/wastewater 
treatment for the removal of persistent non-biodegradable emerging water pollutant is active 
worldwide. Since the mid-1970s the viability of photocatalytic degradation of organic compounds 
in water using TiO2 was demonstrated.  More than 1,000 substances have been degraded using 
TiO2. Despite the extensive research on photocatalytic oxidation using TiO2, pilot and 
demonstration plants through the last four decades are still countable. Widespread use of 
photocatalytic treatment of water and wastewater require the development of an innovative 
photocatalytic reactor that is efficient, reliable, simple to construct, easy to maintain, has low 
energy consumption, low capital and operating cost and provides easy separation of catalyst after 
treatment ends. In an attempt to develop this desired photo-reactor, three photo-reactors were 
designed and constructed: the slurry water-bell photo-reactor, the immobilized water-bell photo-
reactor and the immobilized tray photo-reactor.  
The slurry water-bell photo-reactor is based on generating a thin water film to allow for solar light 
penetration for photo-catalyst activation and continuous oxygenation. Recirculating the reaction 
solution at a high flow rate ensures good mixing and avoids dead zones in the photo-reactor. the 
reactor performance for degradation of phenol, as a model compound, was evaluated using 
commercial TiO2. Factors affecting the degradation efficiency were studied including catalyst 
loading, light intensity, initial pollutant concentration, oxidant addition and exposure time. 
Dissolved oxygen levels, temperature and pH were monitored through all the conducted tests. The 
performance of the slurry water-bell was compared with other photo-reactors using two 
benchmarks: the degradation rate constant and the reactor throughput. The reactor throughput is a 
function of  the treated volume, treatment duration and reactor area footprint, thus it is as a versatile 
indicator for comparison between reactors of different types and geometries as well as selection of 
reactor configurations suitable for scale-up and commercialization.  
TiO2 was immobilized on sand grains for use as dispersed photo-catalyst in the water-bell reactor. 
Immobilization of TiO2 was conducted by two methods; direct immobilization using sol-gel 
synthesis and binding with epoxy coating. Photo-catalyst abrasion was encountered. The strong 
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mixing conditions and flow through the recirculating pump resulted in high abrasion of the photo-
catalyst off the sand surface.   
The tray photo-reactor was developed to avoid the high friction of the photo-catalyst particles in 
the recirculating pump while maintain fulfilling all the other photocatalytic process requirements 
of light penetration, continuous oxygen supply, and turbulent flow. The immobilized tray 
photocatalytic reactor uses a fixed-bed of TiO2 supported on sand grains. The reactor maintains a 
thin water film over the supported TiO2 catalytic bed. TiO2 was immobilized on the sand grains 
using 3 different immobilization approaches: 1) direct immobilization using the sol gel technique, 
2) coating with TiO2/cement grout; and (3) binding with TiO2-epoxy coating. Reactor performance 
for the degradation of phenol as a model compound was evaluated for the three photo-catalysts. 
Immobilization of TiO2 on sand particles using epoxy was successful in achieving the highest 
phenol degradation and resistance to abrasion. The water turbidity remained unchanged indicating 
photo-catalyst resistance to abrasion even after multiple use of the catalytic bed. Successful 
operation of the tray photo-reactor in the continuous mode was also achieved.  
The performance of the immobilized tray photo-reactor was compared with other photo-reactors 
using three benchmarks: the initial degradation rate, the reactor throughput and turbidity. The 
immobilized tray photo-reactor is suitable for scale-up and commercialization due to five 
distinctive features which are: modular design; integrated storage; passive oxygenation; absence 
of need for UV transmitting components that are susceptible to breakage and optical losses, and 
simple and cheap components.  
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Chapter I  
Introduction 
1.1 Unrestricted Wastewater Reuse: A Need not An Option 
Areas having annual water resources less than 1700 m3/capita/year are Water Stress areas. Areas 
having annual water resources less than 1000 m3/capita/year suffer water scarcity according to 
worldwide freshwater availability data published by the FAO. Egypt is classified as a water scarce 
area [1] as shown in Figure 1. In 2017, with a population exceeding 96 million capita, the national 
water availability is 794 m3/capita/year. The national water availability is expected to further 
decrease with the population increase, growing demand for industrial and agricultural uses [2] and 
the possible impact of dams constructed in upper Nile countries. In 2016, agriculture water use 
amounted to 62.15 billion m3 out of the 76.25 billion m3 available water resources [3] consuming 
almost 82 % of the available water resources. Reuse of treated sewage effluent in irrigation can be 
a sustainable water resource through providing a nutrient rich source for agricultural and landscape 
irrigation as well as stimulating economic growth by providing an additional supply of water [4].  
 
Figure 1: Worldwide fresh water availability, source [1] 
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Reuse of treated wastewater is considered a possible strategic solution to cope with the increasing 
water shortage especially in arid and semi-arid regions [5]. However in Egypt, the treated sewage 
is used for the irrigation of wooden forests and green belt around cities as a safe disposal method 
of treated wastewater in the context of the national program for using treated wastewater in wooden 
forests irrigation [6]. Despite the associated positive environmental impacts attributed to this safe 
disposal, enhanced ambient air quality and combating desertification, the reuse of treated 
wastewater need to be extended to other applications, for instance: agricultural uses for irrigation 
of food crops and non-food crops, environmental reuse that includes the use of reclaimed water to 
support wetlands and to supplement stream and river flows, industrial uses for cooling towers. 
The end use of the treated wastewater and degree of human contact with the reclaimed water define 
the required water quality standards and treatment level [7].  According to the Egyptian code for 
treated wastewater reuse, there are restrictions on reuse of treated sewage effluent. These 
restrictions pertain to type of crop being irrigated (non-food crops, crops to be processed, crops 
eaten raw), area being irrigated (whether it is accessed by public or restricted access of workers), 
type of irrigation method (sprinklers or dripping), and health and safety standards to be followed 
by workers and exposed groups [8]. The choice of the appropriate wastewater treatment for treated 
sewage effluent does not only have cost implications, but also public health and social awareness 
implications. 
In this context tertiary treatment of wastewater effluent for unrestricted use in irrigation is the most 
appropriate, since produced treated effluent can be safely used for any type of plantation, using 
any method of irrigation, regardless of soil type and nearness of the fields to residential areas, 
allowing free access of people as well as cattle to irrigated fields or landscaped areas. Almost no 
stringent precautions or measures are required for the safety and hygiene of workers. 
A major problem in the tertiary treatment of industrial, agricultural, and possibly domestic 
wastewaters is the presence of emerging contaminants (ECs). ECs also known as trace organic 
pollutants or micro-pollutants, are a broad range of chemicals found in water at very low levels. 
ECs can be categorized by their end use (pharmaceuticals, metabolites and hormones; personal 
care products, food additives, artificial sweeteners and preservatives; pesticides, biocides, and 
herbicides; household cleaning chemicals, surfactants and disinfectants; flame-retardants and 
disinfection byproducts), chemical structure (aliphatic organics, halogenated hydrocarbons, 
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polycyclic aromatic compounds, and polychlorinated biphenyls) or ecological and health effects 
(hormonally active agents, and endocrine disrupting compounds, carcinogens) [7].  
More than two thousands emerging contaminant have been identified in surface waters around the 
world [9]. Many endocrine-disrupting chemicals including pharmaceuticals, personal care 
products, and hormones were found in treated effluents in many locations around the world [10], 
[11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21]. Municipal water treatment plants are 
identified as the major source for emerging contaminants [22].  
With an estimate of 38,000 chemicals and more currently being used worldwide and additional 
300 new material synthesized annually [23], [24], the concerns about emerging contaminants are 
rising. ECs can pose hazards regardless of whether the treated wastewater effluent is disposed to 
surface water or reused in irrigation. Endocrine disrupting contaminants having estrogenic effects 
on living organisms, can mimic or oppose the hormonal effect, alter the pattern of hormonal 
metabolism and interfere with the normal endocrine functions of living organisms [25]. Arrival of 
residual antibiotics to surface water lead to increasing of antibiotic resistance in pathogenic as well 
as nonpathogenic micro-organisms [26]. 
Conventional secondary wastewater treatment is ineffective in degrading these persistent non-
biodegradable compounds [27]. The use of advanced oxidation processes (AOPs) for 
water/wastewater treatment are rapidly growing worldwide for the removal of persistent non-
biodegradable emerging water pollutants [28], [29]. AOPs depend on the generation of hydroxyl 
radicals that are strong non-selective oxidizing agents that oxidize and mineralize almost all 
organic water pollutants to ultimately yield CO2 and inorganic ions [30], [31]. The electrochemical 
oxidation potential (EOP) of hydroxyl radicals is 2.8 V while chlorine EOP is 1.36 V [32] . 
Hydroxyl radicals have a relative oxidation power (ROP) to chlorine of 2.05.  
AOPs conducted at near ambient temperature and pressure include chemical oxidation using O3 
and O3/H2O2; fenton and photo-fenton processes; UV-based processes including UV/H2O2, UV/O3 
and UV/H2O2/O3; photocatalytic redox processes using semiconductors [33]. Ozonation is an 
energy intensive process [29]. For synthesis of ozone using air, 22 – 33 kWh/kg O3 is required, 
when using pure oxygen for ozone production, energy requirement is 12-18 kWh/kg O3 [33]. 
Fenton and photo-fenton is carried out at an acidic pH from 2-4 [29] to avoid iron precipitation. 
Production of inorganic sludge and its safe disposal is one of the concerns associated with fenton 
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and photo-fenton processes [34]. UV-based processes have a disadvantage of high energy 
consumption specially when treating wastewater containing UV absorbing pollutants [34].   
Various semiconductors were tested for use in photocatalytic redox processes including but not 
limited to TiO2, ZnS, ZnO, WO3, CdS, GaP, etc [35]. TiO2 is one of the most promising 
semiconductors since it is highly reactive having a high oxidation power of 3.2 eV [36], capable 
of mineralizing a wide range of organic pollutants, non-toxic, relatively inexpensive, chemically 
and thermally stable [37]. TiO2 is resistant to acids and alkalis [23], insoluble in water in all pH 
range [38]. Unlike CdS or GaP that degrade forming toxic products after repetitive use cycles, 
TiO2 is resistant to photo-corrosion [35]. 
Table 1: Comparative operating costs for some AOPs, source [33] 
Process Cost of Oxidant Cost of UV 
UV/H2O2 Medium High 
UV/Ozone High Medium 
Ozone/H2O2 High 0 
UV/TiO2 Very low Medium to high 
As seen from Table 1, TiO2 photocatalysis is one of the most promising AOPs technologies 
especially if solar energy is used where the operating cost for the process can be substantially 
reduced [23]. Areas at which the UV flux is higher than 15W/cm2 lies between latitudes 35°N and 
35°S [39] can use solar light for Photocatalytic activation. Equatorial and tropical countries, 
including Middle East countries, African countries, Australia, Indian subcontinent and South 
America, as shown in Figure 2 can use abundant solar radiation as an economic UV light source 
during daytime [40]. 
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Figure 2: Global solar insolation map, [41] 
TiO2 photocatalysis has been studied for the treatment of secondary treated municipal wastewater 
[42], [43] , for removal of endocrine disrupting chemicals [25], [44], [30] and disinfection [45], 
[46] specially effluents containing pathogens resistant to chlorination [47], [48], [49], [50], [51], 
[52], [53];  treatment of hazardous effluents from hospitals [54], [55]; industrial effluents from 
pulp and paper [56], [57], [58], [59], dairy manufacturing [60], textile dyeing [61], [62], [63], [64], 
[65], [66], [67], [68], agricultural oil mills and distilleries [69], [70], and pharmaceutical industry 
[28], [29] , [71] , [72] ; wastewater effluents containing phenols [73], [74], [75], [76] and 
chlorophenols [77], [78], herbicides and pesticides [79], [80], [81] ammonia [82], [83] plasticizers 
[84] and surfactants [85]; drinking water disinfection [86] and purification from micro-pollutants 
[87], heavy metals [88], cyanide [89], [90] and arsenic [91], [92].   
1.2 Problem Statement and Research Objective 
TiO2 photocatalysis is one of the promising routes for sustainable wastewater treatment due to five 
distinctive features: 1) it can be used at ambient temperature and atmospheric pressure, 2) 
pollutants are mineralized into CO2, water and mineral acids, 3) TiO2 is abundant, cheap and non-
toxic, 4) oxygen required for the process can be obtained from the atmosphere, 5) sunlight can be 
used for catalyst activation.  
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In spite of the extensive academic research that has been conducted during the last four decades 
on the possibility of mineralization of a vast range of water pollutants using TiO2 photocatalysis, 
commercial application of TiO2 photocatalysis treatment systems is still very limited [93]. Using 
TiO2 nanoparticles in suspension is hindering the wide application of TiO2 photocatalysis in water 
treatment [94]: TiO2 slurry systems require post separation of the catalyst from the effluent to 
avoid catalyst loss as well as water contamination with TiO2 particles that may pose threats to 
aquatic life [95]. This additional post separation is expensive and renders the process economically 
unfeasible [35]. The design of photocatalytic reactor that is simple, energy efficient, less expensive 
to build and operate and can handle large volumes of wastewater is a key research area [96] for 
the development and widespread of TiO2 photocatalysis.  
This research aims at developing a photocatalytic reactor using immobilized TiO2 activated 
by sunlight to be used for the removal of emerging contaminants. The objective of this 
research is to develop a pilot TiO2 photocatalytic reactor that can be easily scaled up for 
commercial application.  
1.3 General Approach 
To avoid the need for a post separation system, TiO2 will be immobilized. The reactor will be 
hydraulically designed to control the residence time in the reactor, based on continuous flow mode. 
The development of the target photo-reactor using immobilized TiO2 was planned to be performed 
through the following tasks: 
i. Identify the attributes of the target photo-reactor to ensure the efficiency of degradation of  
organic pollutants using TiO2 photocatalysis.  
ii. Review of the designs of the published reactors to assess how well they meet the desired 
attributes of the target photo-reactor 
iii. Develop the conceptual design of supported TiO2 continuous large-scale solar 
photocatalytic reactor and the governing sizing relationships as well as determining 
suitable support material to be used for TiO2 immobilization. 
iv. Design and manufacturing of pilot-scale photo-reactor, and hydrodynamic testing of the 
photo-reactor system. 
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v. Photo-reactor testing for photodegradation of a model contaminant using slurry 
commercial TiO2 to evaluate the photodegradation efficiency and investigate the effect of 
different process parameters on the effluent quality. 
vi. Investigate different techniques for immobilization of TiO2 on the chosen support, and 
identify a suitable one. 
vii. Fabrication of the immobilized TiO2 photo-catalyst and characterization of the synthesized 
photo-catalyst.  
viii. Prototype testing using the immobilized TiO2 to evaluate the photodegradation efficiency 
of the model contaminant, stability of supported TiO2 and its resistance to abrasion. 
ix. Evaluation of the system performance using benchmarks.  
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Chapter II  
 Background and Literature Review 
2.1 Mechanism of TiO2 Photocatalysis 
TiO2 has wide applications in protective anti-reflection coatings, solar cells and lithium batteries 
antibacterial paints and pigments, cosmetics and food stuff, self-cleaning windows, stain resistant 
textiles, gas sensors and electrochromic devices including smart windows to achieve buildings 
energy efficiency, and self-darkening car rear view mirrors, catalytic oxidation of carbon 
monoxide and fine chemicals production, photodegradation of pollutants for air and water 
treatment, sterilization and disinfection [36], [97], [98].  
TiO2 has three crystalline phases: anatase, rutile and brookite. Brookite is orthorhombic, anatase 
and rutile are tetragonal. Rutile differs than from anatase in that the octahedral share 4 edges 
instead of 4 corners [98] as shown in Figure 3. Rutile is the stable crystalline form of TiO2 where 
anatase transforms to rutile at temperatures higher than 600 ᵒC [99] and brookite transforms into 
rutile at a temperature of 750 ᵒC. Anatase has high photocatalytic activity while rutile is used as a 
whitening agent [98].  
 
 
 
Brookite Rutile  Anatase 
Figure 3: TiO2 crystal structure, source: [100] 
TiO2 is characterized by having a completely filled valance band and an empty conduction band. 
When TiO2 surface is illuminated with photon energy equal to or greater than its band gap energy 
(Eg), the lone electron in its outer orbital- valance band is photoexcited to the empty conduction 
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band leaving an unfilled valence band thus leading to the electron – hole pair formation as shown 
by Equation 1 [38].  In the absence of electron scavengers, the electron - hole will recombine again 
dissipating heat. In the presence of oxygen, the electron is scavenged forming superoxide radicals 
as shown by Equation 2 and preventing the electron-hole recombination [39].  
Photoexcitation 𝑇𝑖𝑂2
ℎ𝛾 ≥ 𝐸𝑔  
→     ℎ+ + 𝑒− Equation 1 
Electron scavenging 𝑒− + 𝑂2  →  𝑂2
•− Equation 2 
The positively charged hole on TiO2 has an ROP of 2.35 [33]. The positive holes bound to the 
TiO2 surface can directly oxidize the pollutants adsorbed on the TiO2 surface as shown by Equation 
3, or oxidize water molecules forming hydroxyl radicals as shown by Equation 4. The powerful 
oxidizing hydroxyl radicals attack the water pollutants as shown by Equation 5 [38].  
Direct holes oxidation ℎ+  + 𝑅 →  𝑅+• Equation 3 
Hydroxyl radical formation ℎ+ + 𝐻2𝑂 →  𝑂𝐻
• + 𝐻+ Equation 4 
Hydroxyl radicals oxidation 𝑂𝐻• + 𝑅 − 𝐻 → 𝑅′•  + 𝐻2𝑂 Equation 5 
Superoxide radicals are protonated forming hydroperoxyl radicals according to the equilibrium 
equation shown by Equation 6 where the acid dissociation constant ka equals 10
-4.8 [80]. The 
hydroperoxyl radicals are reactive oxidizing intermediates having an EOP of 1.7 V and ROP of 
1.25 [23]. Hydrogen peroxide is formed [101] as shown by Equation 7 and Equation 8. On 
scavenging an electron, hydrogen peroxide generates hydroxyl radicals [59] as shown by Equation 
9.  
Superoxide protonation 𝑂2
•− + 𝐻+  ⇋ 𝐻𝑂2
•  Equation 6 
H2O2 formation 2 𝐻𝑂2
•     → 𝐻2𝑂2 Equation 7 
 𝑂2
•− +  2𝐻+ → 𝐻2𝑂2 Equation 8 
Hydroxyl radical formation 𝐻2𝑂2 + 𝑒
−  →  𝑂𝐻• + 𝑂𝐻− Equation 9 
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All the generated reactive oxidizing species (ROS), OH●, HO2
●, O2
●-, take part in successive 
oxidative reductive reactions degrading organic pollutants until complete mineralization is 
achieved yielding carbon dioxide, water and mineral acids [95] as shown by Equation 10. The 
mechanism of photocatalysis using TiO2 is illustrated in Figure 4.  
𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡
𝑇𝑖𝑂2
𝑂2
ℎ𝛾 ≥ 𝐸𝑔  
→     𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠
𝑇𝑖𝑂2
𝑂2
ℎ𝛾 ≥ 𝐸𝑔   
→      𝐶𝑂2 + 𝐻2𝑂
+𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑎𝑐𝑖𝑑𝑠 
 
 
Equation 10 
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Figure 4: Mechanism of photocatalysis, adapted from [102], [96] 
From the aforementioned mechanism, it is obvious that a photocatalytic reactor should have the 
following attributes [37]; 
1- A high photo-catalyst surface area to reaction solution volume ratio 
2- Adequate irradiation throughout the whole reaction volume  
3- Continuous purging of the reaction solution with air or oxygen/continuous supply of 
oxygen to the reaction solution 
4- A high rate of mass transfer of oxygen/substrate to catalyst surface  
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2.2 Previous Work on Development of TiO2 Photocatalytic Reactors 
2.2.1 Preamble 
Since the mid-1970s the viability of photocatalytic degradation of organic compounds in water 
using TiO2 was demonstrated by several research groups [103].  Since that time, there was an 
increase on research conducted using TiO2 for photo-oxidation of organic compounds, inorganic 
compounds, metal-containing ions as well as disinfection. More than 1,000 substances have been 
tested [104]. The first field demonstration for solar heterogeneous photocatalytic water treatment 
tests was conducted in the late-1980s using parabolic trough concentrator [105]. Despite the 
extensive research on photocatalytic oxidation using TiO2, pilot and demonstration plants through 
the last four decades are still countable [103], [105], [36], [96], [106], [39], [35], [107], [102], 
[108], [109] as shown in Table 2. 
Different reactor configurations have been used to degrade various types of pollutants using solar 
or artificial light simulating sunlight. In order to select the reactor configuration that is most 
suitable for the photocatalytic process and is optimum for scale-up and commercialization, a 
comparison criteria will be used to ease performance assessment for the different reactor 
configurations.  
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Table 2: Solar TiO2 pilot and demonstration plants 
Reactor 
Type 
Treated 
water 
Pollutant 
Treated 
Volume 
Applied  
TiO2 
Operation 
Mode 
Erection 
Year 
Location, Country Ref 
PTR 
Deionized 
water 
Salycilic acid 1100 L Slurry 
Recirculating 
batch 
1989 
Albuquerque, New 
Mexico, USA 
[110] 
PTR 
Contaminated 
groundwater 
TCE 15 L/min Slurry 
Recirculating 
batch 
1990 
Lawrence Livermore 
National Laboratories 
(LLNL), California, USA 
[111] 
PTR 
Industrial 
wastewater 
PCP 837 L Slurry 
Recirculating 
batch 
1991 
Platforma Solar de 
Almeria ( PSA), Spain 
[112] 
Tubular 
Pretreated 
groundwater 
BTEX 530 L Slurry 
Recirculating 
batch 
1993 
Tyndall Air Force Base, 
Florida, USA 
[113] 
CPC 
Deionized 
water 
Cyanide 247 L Slurry 
Recirculating 
batch 
1996 
 Platforma Solar de 
Almeria ( PSA), Spain 
[90] 
TFFBR 
Textile 
wastewater 
TOC 1 m3 immobilized 
Recirculating 
batch 
1998 Menzel Temimi,Tunsia [114] 
DSSR 
Biologically 
pretreated 
industrial WW 
TOC 0.5 m3 Slurry 
Recirculating 
batch 
1998 
Volkswagen factory, 
Wolfsburg, Germany 
[115] 
CPC   Raw water Cyanide 1 m3 Slurry 
Recirculating 
batch 
1999 
Hidrocen, Madrid,  
Spain 
[116] 
Packed 
Tubular 
City water 
aromatic 
organics  
1 m3/day 
Immobilized 
on silica beads 
Continuous 2004 Kitakyushu City, Japan [87] 
Shallow 
tank 
Tap water phenol 1.35 m3 immobilized 
Recirculating 
batch 
2011 Poland [117] 
Open tank  
Oil and gas 
wastewater 
oil, phenol & 
ammonia 
4 m3/day Slurry Continuous 2011 Indonesia [118] 
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2.2.2 Assessment Criteria of Reactors 
The quantum yield which is the ratio of rate of reaction to rate of light absorption was used by 
some researchers to demonstrate photo-reactor energy efficiency [119]. The quantum yield was 
further modified into photochemical thermodynamic efficiency factor [120], which is: 
𝜂 =
𝑄𝑢𝑠𝑒𝑑
𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
= 
𝑟𝑂𝐻 ∗  Δ𝐻𝑂𝐻 ∗  𝑊
𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 Equation 11 
where 𝑟𝑂𝐻 is the rate of OH radicals formation (mol/g of catalyst) ΔOH is the enthalpy of OH 
radicals formation (J/mol) and W is mass of catalyst (g). In addition to the difficulty of determining 
these energy efficiency factors [95], they cannot be used for the intended reactor configuration 
comparison. They do not include other two parameters of extreme importance for scale-up and 
commercialization of photocatalytic wastewater treatment: the treated volume and the reactor foot 
print. 
Figures of merit in terms of collector area per mass (ACM) and collector area per order (ACO) were 
proposed for comparison of photo-reactors of different configurations based on the collector area.  
Collector area per mass (ACM) is the collector area required to degrade one kg of pollutant in one 
hour after receiving solar radiation of intensity 1000 W/m2 while collector area per order (ACO)  is 
the collector area required to decrease the pollutant concentration of 1m3 by one order of 
magnitude [121].  
 
𝐴𝐶𝑀 =
𝐴𝑟 . ?̅?𝑠. 𝑡. 1000
𝑀. 𝑉𝑡  . 𝐸𝑠
𝑜 . 𝑡𝑜 (𝑐𝑖 − 𝑐𝑓) 
 Equation 12 
𝐴𝐶𝑂 =
𝐴𝑟 . ?̅?𝑠. 𝑡
 𝑉𝑡  . 𝐸𝑠
𝑜 . 𝑡𝑜 . 𝑙𝑜𝑔
𝑐𝑖
𝑐𝑓
 
 Equation 13 
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where ACM and ACO are in m
2/kg and m2/m3-order respectively; Ar is the actual reactor area (m
2); 
t and to are irradiance and reference time (hr); ?̅?𝑠  and 𝐸𝑠
𝑜 are average solar irradiance and reference 
solar irradiance (W/m2); Vt treated volume (L); M molar mass g/mol; and ci and cf are initial and 
final pollutant molar concentrations. Collector area per mass has been used by researchers to 
compare performances of reactors of different configurations based on estimate of area required 
for scale-up [122], [123] . For the cases in which the treated volumes/degraded pollutants are much 
lower than the proposed 1m3 treated volume and 1 kg of pollutant identified by the proposed 
figures of merit, ACM and ACO figures of merit will represent extrapolated indicators [36] not a real 
reflection of the system performance. Another issue is that ACM and ACO assume a linear 
dependence on the light intensity. This contradicts other researchers’ findings that at light 
intensities higher than a threshold value, the reaction rate is independent of the light intensity [124]. 
Hence, figures of merit will not be used for reactor performance comparison.    
For a given degradation efficiency, reactor throughput (L/min/m2) will be used as an actual 
indicator on the treatment unit production rate based on the area it occupies. In case of batch 
operations, reactor throughput is the volume treated/total treatment time/reactor area, while in case 
of continuous operations it is the flow rate/reactor area. For solar reactors, aperture area is the area 
in which solar radiation enters the reactor while gross area is the area based on reactor outer 
dimensions. Throughput calculation is based on the area having the bigger footprint.  
Another aspect of evaluation is ease of catalyst removal from treated effluent.  One of the major 
financial obstacles hindering the widespread of TiO2 photocatalysis is the need to use of TiO2 
nanoparticles in suspension [94].  Costly post separation of the catalyst from the effluent is required 
to avoid catalyst loss [37]. Another ecological concern is effluent contamination with TiO2 
particles. Several studies have shown that long exposure to TiO2 nanoparticles adversely affect 
aquatic organisms [125]. Not only effluent contamination with TiO2 nanoparticles is encountered 
when using slurry TiO2 but also when using immobilized TiO2 and where the immobilization 
technique is not robust enough to avoid photo-catalyst spalling and attrition. 
Comparison between different types of TiO2 photo-reactors is conducted by reviewing treatment 
trials for each reactor type to illustrate system components and calculate throughput. Photocatalytic 
reactors whose reaction solution volume is less than 1L are classified as lab-scale reactors [96]. 
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This review focuses on pilot scale demonstrations using solar or external artificial lighting 
simulating solar radiation.   
2.2.3 Parabolic Trough Reactors 
Parabolic Trough Reactor (PTR) consists of a transparent pipe through which contaminated water 
flows. The pipe is located at the focal line of a collector that is a parabolic light-reflecting surface. 
The collector is mounted on a mobile platform equipped with solar tracking system [107]. Figure 
5 shows a typical slurry PTR system operating in a recirculating batch mode.  
Recirculating 
Tank
Recirculating 
pump
Heat 
Exchanger
Stirrer
Effluent
Oxidant 
Addition
 
Figure 5: Schematic drawing of PTR system, adapted from [110], [111]   
PTRs have a concentrating ratio of 10-50 [102]. The concentrating ratio is determined using the 
collector width and half the circumference of the glass pipe, taking into consideration reflective 
and transmissive losses [110]. PTRs are operated at high flow rates, and turbulent flow ensures 
high mass transfer rates between the pollutants and photo-catalyst [108].   
PTR was used in Sandia National Laboratory, New Mexico for treating water contaminated with 
salicylic acid. The reactor was 218 m in length and 2.1 m in width, having a borosilicate glass pipe 
of 38 mm diameter. The system had a total aperture area of 465 m2 and a concentrating ratio of 50. 
The reactor worked in a recirculating batch mode using slurry TiO2.  An air radiator was used for 
cooling water. However the radiator cooling capacity or extent of temperature rise during treatment 
were not specified. 1100 liters of water contaminated with salicylic acid were treated using 1 g/L 
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slurry TiO2. 96% destruction was achieved in 40 min at a recirculation rate of 100 L/min, 
corresponding to a residence time of 2.5 min, and UV intensity of 1600 W/m2. The same system 
was used in treating trichloroethylene, tetrachloroethylene, chloroform, trichloroethane, carbon 
tetrachloride, and methylene chloride. Chlorinated ethylenes were easily destroyed [126]. 
PTRs were used in treating groundwater contaminated with trichloroethylene in LLNL, California. 
The solar detoxification system consisted of 2 PTR strings. Each string had a length of 36.6 m and 
a width of 2.1 m, and a borosilicate glass pipe of 51 mm diameter. The used PTRs had a 
concentrating ratio of 20 and a total aperture area of 154 m2. A heat exchanger was used for cooling 
water [111]. However, the researchers did not specify the heat exchanger cooling capacity nor the 
extent of temperature rise during treatment. An important outcome of this work was a performance 
comparison for concentrating PTRs and one-sun configurations. In the one-sun configuration, the 
PTRs were aligned horizontally such that the PTRs are not concentrating any sunlight. While 
concentrating PTR had an aperture area of 465 m2 (PTR width * length), one- sun system had an 
aperture area of is 3.73 m2 (pipe diameter * length). The system throughput in case of the one-sun 
PTR was 8 times higher than the concentrating PTR suggesting that photo-catalyst efficiency is 
increased at low UV light intensities [111]. This finding has been confirmed by many other 
researchers [35].  
Recently a pilot scale PTR was used for the treatment of diluted paper mill effluent. The increase 
of BOD/COD ratio proved the viability of using solar photocatalytic as a pretreatment to increase 
paper mill effluents biodegradability [56]. 
PTRs receive large amount of energy per unit volume. Thus the reactor tube is small, enabling the 
use of high quality UV transmission material. Despite the fact that the tube area is small, the area 
equipped by the parabolic collector for light harvesting is very large. Moreover, the installation of 
PTRs require an additional large area to avoid PTR modules projecting shadows on each other 
[127].  Another limitation of PTRs is the use of direct radiation only [128]. For thermal 
applications, this is not a problem since diffuse radiation accounts for only 10-15% of total solar 
radiation [105]. For photocatalytic applications, this is a disadvantage. TiO2 Photocatalysis uses 
only solar UV radiation, which accounts for 4-6% of total solar radiation [25]. 50 % or more of 
UV radiation is in the diffuse radiation especially in humid locations and during cloudy days [108]. 
Thus, PTRs do not operate efficiently during cloudy and overcast days. 
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A major demerit of the PTR is the reaction solution overheating [109]. Not only does overheating 
of the reaction solution leads to leaks and corrosion [108], but also affect treatment efficiency. As 
temperature increases, the solubility of oxygen in water decreases leading to bubble formation. 
Since oxygen is needed for reaction completion [126], a continuous supply of oxygen to the 
reaction solution is essential. To avoid bubble formation, electron scavengers such as hydrogen 
peroxide / sodium persulfate can be used [112]. However, the use of additional reagents complicate 
water purification process and render it less practical [39].  
2.2.4 Concentrating Falling Film Reactors 
Another type of concentrating reactors, though based on a falling film configuration, consists of 
heliostats (large rotating mirrors) that are used to concentrate solar radiation on a vertical falling 
film of water. Large tracking heliostats were used to concentrate solar radiation on a vertical 
aluminium panel (3.5 m * 1 m). The aluminum panel was mounted on a tower 37 m above the 
ground. The heliostats had a total aperture area of 750 m2. Commercial TiO2 powder was 
suspended in the wastewater in the holding tanks using mixers. 300 mg/L of TiO2 were used for 
the treatment of the water containing 30 mg/L salicylic acid. 380 liters of water were treated at a 
flow rate of 17 L/min resulting in a thin film thickness of 3 mm. A cooler was required to remove 
excess heat energy before recirculation [110]. The use of concentrating thin films for 
photocatalytic treatment of water was not reported by any other researchers. This may be attributed 
to the complexity of system set-up. Concentrating falling film reactors, similar to PTRs, have the 
demerits of requiring huge area for light harvesting, reaction solution overheating, high capital 
cost for solar tracking devices and high operational cost for water cooling.  
2.2.5 Compound Parabolic Concentrator 
Compound Parabolic Concentrators (CPC) are static reactors that consist of transparent pipes 
mounted on a reflector. The reflector has the shape of two half parabolas intersecting beneath each 
tube, this shape allows any incident light to be concentrated on transparent pipe without need for 
sun tracking systems. CPCs use direct as well as diffuse solar radiation while exhibiting a small 
concentration factor (<1.2) [129]. A typical slurry CPC system operating in a recirculating batch 
mode is illustrated in Figure 6.  
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Figure 6: Schematic drawing of slurry CPC system, adapted from [72], [90] 
A demonstration plant using CPC reactors was erected in HIDROCEN, Madrid. The plant is fully 
automated for the treatment of 1 m3 of water. The plant consists of two rows of 21 CPC collectors 
connected in series having a total aperture area of 100 m2. Each collector is 1.5 m * 1.5 m 
encompassing 16 parallel glass tubes of 29.2 mm ID. The collector reflector is made of anodized 
aluminum. The plant was operated in a recirculating batch mode. After treatment, pH was adjusted 
in the sedimentation tank to enhance TiO2 agglomeration into bigger particles for quick settling. 
The supernatant water from the sedimentation tank containing <7 mg/L TiO2 was passed through 
a microfiltration system for the final removal of the photo-catalyst [116].    
The treatment performance of the demonstration plant and the large pilot plant (LPP) in PSA, 
Spain, were compared using cyanide. LPP has a total plant volume of 247 liters, and an aperture 
area of 8.9 m2. 200 mg/L slurry TiO2 was used to degrade aqueous cyanide solutions having an 
initial concentration of 50 mg/L. Complete degradation of cyanide could be achieved in the LPP 
after a normalized illumination time (t30W) of 89 min. Only 76% degradation could be achieved in 
the demonstration plant after t30W of 115.5 min. [90]. This lower treatment efficiency achieved by 
the demonstration plant was partially attributed to the difference of the used water matrix. LPP 
used distilled water while the demonstration plant used tap water. The presence of carbonates that 
are hydroxyl radical scavengers, leads to tapering off photocatalytic degradation rates [37]. The 
authors postulated another reason for the lower treatment efficiency which was the low O2 
concentration and uneven O2 distribution in the demonstration plant. O2 injection was carried 
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directly in reactor pipes of the demonstration plant using an injection system, while for the LPP, 
oxygenation was carried out in the recirculation tank [90] through contact with ambient air during 
stirring [130]. However DO profiles during treatment in both of the demonstration plants and LPP 
were not included. 
Experiments investigating the treatment of synthetic sewage water were conducted in the small 
pilot plant in PSA. For an accumulation energy of 50 KJ/L, corresponding to 6 hours of 
illumination, DOC was decreased by only 18% when using 0.2 g/L TiO2 alone. For the same 
accumulated energy and experimental conditions, degradation increased to 51% when adding 2 
g/L H2O2. When using 4.3 g/L sodium persulfate, degradation increased to 75% [131]. CPCs are 
closed reactors that require continuous supply of oxygen to the reaction solution by purging the 
reaction solution with oxygen/air or the use of oxidants. 
Several test trials have been conducted with packed CPCs. Packed CPCs in which TiO2 is 
immobilized on a support eliminates the need for expensive post-separation processes.  A packed 
CPC composed of 5 Pyrex tubes (1.9 m length and 22.2 mm OD) connected in series was used for 
treating 21 liters of aqueous triclosan solution. The tubes were packed with TiO2 immobilized on 
volcanic porous stones. Stones, having an average size of 1 cm, were TiO2 coated using the sol-
gel method followed by sintering for 3 hours at 605ᵒC.  Locally available porous stones served as 
a cheap catalyst support [97].  
SOLWATER reactor is another packed CPC reactor. The reactor is composed of four tubes 
mounted on a CPC collector. The first two tubes contain TiO2 immobilized on Ahlstrom paper. 
The other two tubes contain supported photosensitizer. The water to be treated runs in series 
through the four pipes. Field tests were carried in Los Pereyra, Argentina to disinfect groundwater 
from a shallow aquifer for the use as drinking water. Groundwater was contaminated by fecal 
coliforms, Enterococcus Faecalis and Pseudomonas Aeruginosa that is a chlorine resistant 
pathogen. The reactor was operated in a recirculating batch mode and treated 20 liters. A 20 cm 
free fall of water returning to the feed tank was allowed for water oxygenation. The reactor 
efficiently removed fecal coliforms and Enterococcus Faecalis while removal of Pseudomonas 
Aeruginosa was not achieved.   For fecal coliforms, the total disinfection of groundwater 
contaminated with 6.6*105 CFU/100 ml fecal coliforms could be achieved in 6 hours on cloudy 
days with a maximum UV-A intensity of 30 W/m2. After 3 month of operation, the removal 
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efficiency decreased. 1-3% of bacteria were still cultivable at the end of the tests. This loss of 
efficiency was attributed to calcium carbonate deposition on the photo-catalyst and the 
photosensitizer [132].  
A similar finding regarding loss of TiO2 effectiveness with prolonged use was obtained when CPC 
packed with TiO2 immobilized on glass spheres was used for the degradation of emerging 
contaminants spiked in secondary treated wastewater effluent. Researchers found that 
hydroxybiphenyl, triclosan, progesterone, ibuprofen, diclofenac, ofloxacin, acetaminophen and 
caffeine could be degraded within t30W of 60 min. After five cycles of treatment, a prolonged 
treatment duration was required. Contaminants were then degraded in t30W of 90 min [133].  
Loss of efficiency due to clogging of packed CPC and catalyst fouling is an operational concern. 
Platinized TiO2 immobilized on silica gel was packed in M-7 plastic tube of ID 0.5″ and length of 
2 m. The reactor was used to treat groundwater spiked with BTEX in a continuous mode.  Reactor 
efficiency decreased significantly after 2 days of operation when treating extracted groundwater. 
A filter (0.35 micron) and an anionic/cationic ion exchange resin were used as a pretreatment for 
well water. The reactor receiving the pretreated water worked efficiently continuously during 
daytime for 25 days [134]. Catalyst fouling was also encountered when using a tubular reactor 
packed with TiO2 immobilized on silica beads for city water treatment. After one month of 
operation red iron deposits fouled the catalyst impairing the treatment efficiency [87]. 
CPC has the merits of maintaining a turbulent flow that guarantees good mixing and negligible 
mass transfer. They use both direct and diffuse radiations [35]. However, CPC suffers from optical 
losses due to UV absorbance by the tube and the reflector material [128]. Another challenge 
typically faced is glass tubes aging, known as UV-solarization. Long exposure to solar radiation 
lead to the reduction of tubes UV transmittance [127] impairing treatment efficiency and incurring 
additional costs for tubes regular replacement. One of the CPC limitations is the need for oxygen 
injection, or alternatively adding oxidants to act as electron scavengers. In case of using supported 
catalysts, reactor clogging and catalyst fouling are operational concerns. The demonstration plant 
in PSA using slurry TiO2 for treating just 1m
3 of water was composed of 672 pipes, each having a 
length of 1.5 m. If a supported catalyst was to be used, the ease of operation regarding regular 
inspection and replacement of the supported catalyst is questionable. The support size should be 
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optimized to avoid high pressure drop across the reactor and the associated excessive pumping 
cost.  
2.2.6 Tubular Reactor 
Tubular reactor is a non-concentrating reactor in which water flows through transparent pipes. The 
pipes can be connected between an inlet and outlet header [135] or directly folded in a coil shaped 
pattern [136].  Tubular reactors are a variation of CPCs. The difference is the absence of a reflector. 
This reflector lows CPC to have a small concentrating factor. A field-test facility based on tubular 
photo-reactors was used to treat groundwater spiked with BTEX at Tyndall Air Force Base, 
Florida. Experiments were conducted in a recirculating batch mode using 5 photo-reactors 
connected in series. Each photo-reactor contained 132 tubes (6.4 mm ID). The tubes were made of 
a UV transparent material and had a length of 2.4 m. The reactors had an aperture area of 10 m2 
and gross area of 37.2 m2. Groundwater was filtered through 0.5 micron filter. 530 liters of filtered 
groundwater were recirculated with TiO2 slurry with a high flow rate maintaining a turbulent flow. 
BTEX destruction using TiO2 only with no oxidant was limited [135]. Adding 100 mg/L H2O2, 
75% destruction of BTEX was achieved in 3 hours [113]. Recently a tubular pilot plant was used 
to treat 15 liters of water contaminated with nitrophenol, naphthalene, and dibenzothiophene, 
which are typical oil industry pollutants, using slurry TiO2 [136]. Tubular reactors share the 
operational merits and demerits of compound parabolic concentrators. 
2.2.7 Shallow Pond Reactor 
Shallow pond reactor is a non-concentrating reactor utilizing both direct and diffuse radiations, 
thus operating in sunny as well as cloudy and overcast days.  A solar pond fabricated from plywood 
and lined with polyethylene sheets was used for degradation of chlorophenol in tap water. Solar 
pond (106.5 cm * 53.3 cm) had a surface area of 0.57 m2, and depth of 2”. The pond worked in a 
recirculating batch mode using slurry TiO2. Strong mixing was achieved using a recirculating 
pump and a submerged spray bar. After treatment, the mixing facility was stopped and TiO2 settled 
to the pond’s bottom. Treated effluent was decanted from the pond surface [137]. However, the 
researchers did not evaluate the TiO2 content of treated effluent.  
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Chlorophenol solution was treated using 3 g/L TiO2. 88% degradation was achieved in 2 hours, 
under an average UV intensity of 31.4 W/m2.  A test was conducted using two identical ponds of 
2 inch depth, one of which was equipped with bubbler wands for air sparging. Pollutant 
concentration variation with time in the two ponds was almost identical indicating that dissolved 
oxygen in the 2 inch ponds was sufficient. When the pond depth was increased to 4 and 6 inches, 
degradation efficiency decreased to 60 and 48% respectively. [137]. This can be attributed to 
limited solar radiation penetration or insufficient dissolved oxygen.  
A fluidized bed photo-reactor using TiO2 coated on floating ceramic spheres was used for treating 
distilled water spiked with bisphenol A. The photo-reactor was rectangular (15 cm * 25 cm). When 
treating one liter, the reactor had a depth of 2.66 cm, and can be viewed as a shallow pond reactor 
using TiO2 immobilized on floating spheres. The reactor was aerated using air diffusers and 
illuminated using black light lamps. Light intensity at water surface was 30 W/m2. The ceramic 
spheres had a density of 1 gm/cm3 so that they are easily suspended in water. The spheres were 
0.7 mm in diameter so that they can be easily removed after treatment. Sol gel was used for TiO2 
immobilization on the spheres by dip coating followed by drying and sintering at 600 ᵒc for 5 
hours. However, the researchers did not specify TiO2 loading on the spheres. Although the 
researchers did not quantitatively evaluate the stability of immobilized TiO2 on spheres, they noted 
that water remained transparent during treatment. The reactor operated in a batch mode. Using a 
catalyst loading of 8%, 10 mg/L of bisphenol A were degraded in 13 hours while degradation 
byproducts were mineralized in 20 hours [138]. 
Another photocatalytic reactor for treating of 1.5 m3 was mounted in a mobile container to be easily 
transferred to sources of polluted water. The reactor tank had an operating volume of 0.06 m3 and 
an area of 1.8 m2. The water depth in the reactor was 3.3 cm and can be viewed as a shallow tank 
reactor. The system was equipped with an impeller pump for water recirculation. The 1.5 m3 
recirculation tank was aerated through an air diffuser using an air compressor. The reactor was 
illuminated by a 6 kW mercury lamp giving a UV intensity of 330 W/m2, which is a very high UV 
flux. Most researchers agree that, at high UV fluxes, the reaction rate becomes constant with 
respect to the radiant flux [35]. High UV flux lead to the loss of photonic efficiency. as the rate of 
electron/hole recombination becomes higher. The photo-reactor worked in a recirculating batch 
mode for treatment of phenol solution with a concentration of 25 mg/L. Commercial    
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photospheres-40 were used as photo-catalyst. Photospheres-40 are hollow microspheres of silica 
coated with TiO2, having an average particle size of 45 microns, and a low density (0.22g/cm
3) 
that makes them float on water surface. Photospheres were completely destroyed after 3 cycles of 
treatment as the fragile floating spheres did not withstand vigorous mixing and flow through the 
pump impeller [117]. The researchers also tested degradation efficiency using TiO2 immobilized 
on a steel mesh. A mixture of TiO2 and a white titanium photocatalytic paint was applied twice 
onto a steel mesh. The reactor bottom was also painted using the same procedure. The researchers 
tested degradation efficiency using TiO2 immobilized on commercial fiberglass cloth as well. TiO2 
was immobilized by the immersion of the fiberglass cloth in TiO2 ethanol suspension and then 
drying at 80ᵒC [117]. The researchers did not report TiO2 stability on the fiberglass cloth. Although 
slurry deposition is simple, produced TiO2 coatings lack sufficient mechanical integrity and are 
prone to rapid attrition [139]. 
Shallow ponds have potential for the treatment of industrial wastewater especially in industries 
that already use holding ponds including pulp and paper, pharmaceuticals and textiles [105].  
Sparging the pond/tank with air might not be needed given that pond/tank depth does not limit a 
continuous oxygen supply from atmosphere and light penetration. However, finding an efficient 
immobilized catalyst is still needed. Immobilized shallow pond systems working in a batch mode 
are illustrated in Figure 7. 
Recirculating pump
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Figure 7: Schematic drawing of photocatalytic shallow pond: a) employing slurry TiO2,  
b) fluidized bed shallow pond reactor, adapted from [140], [105] 
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2.2.8 Double-Skin Sheet Reactor 
Double-skin sheet reactor (DSSR) is a non-concentrating reactor made of commercially available 
Plexiglas double skin sheet that is modified by milling the connecting straps at alternating ends 
and sealing the sheets sides by Plexiglas [141]. Plexiglass transmits all light above 320 nm. DSSR 
uses slurry TiO2. High flow rates guarantee a turbulent flow that overcomes mass transfer 
limitations between TiO2 and pollutants and avoid photo-catalyst deposition in the reactor during 
recirculation. Since DSSR is a closed reactor, purging reaction solution with air is required.  
A pilot plant consisting of 12 DSSRs (2.45 m * 0.94 m) having a total surface area of 27.6 m2 was 
constructed at the Volkswagen plant in Wolfsburg to treat 0.5 m3/day biologically pretreated 
wastewater using 5 g/L TiO2 [115]. Pretreated wastewater was passed over a filter, then to reservoir 
that contained the TiO2 suspension. The pilot plant worked in a recirculating batch mode. When 
treatment ended, TiO2 was allowed to settle down in the reservoir, then the supernatant liquid was 
filtered. 40% reduction of TOC could be achieved under an average UV solar intensity of 13.3 
W/m2 in 330 min [142].  
DSSRs have the merits of using direct and diffuse radiation, maintaining a turbulent flow regime. 
However they can only be operated in a slurry mode. They suffer from low optical efficiency and 
bubble entrapment [128]. They need purging of reaction solution with oxygen or addition of 
oxidants [129].  
2.2.9 Flat Plate Reactor 
Flat plate reactor is an inclined rectangular flat plate covered with a thin UV transmissive glazing. 
The reactor is closed preventing contact between water to be treated and ambient air [128].  
An outdoor flat plate reactor made of a stainless steel flat back plate (243.8 cm * 111.8 cm, 2.73 
m2 aperture area) was used  for treating 57 liters of aqueous solution of 4-Chlorophenol. The back 
plate was covered by a woven fiberglass mesh to damp out surface waves and even out flow. The 
reactor had a thin film glazing made of fluoropolymer that is 90% UV transmissive. Water to be 
treated was evenly distributed from a spray bar at the reactor top. Water was drained from the 
reactor by gravity through two drain holes. The reactor worked in a recirculating batch mode.  
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About 60% degradation of chlorophenol was achieved after 150 minutes under sunny conditions 
using slurry TiO2 having a concentration of 1 g/L. When TiO2 was immobilized on fiberglass mesh, 
degradation efficiency was lower.  Although fiberglass mesh is not an expensive support for TiO2, 
catalyst loading on the mesh and the immobilization technique efficiency in terms of TiO2 content 
of treated effluent need to be evaluated. Recently a flat plate reactor using slurry TiO2 was used 
for the degradation of pyrimethanil which is the active compound found in fungicides used in 
agriculture [143]. 
Flat plate reactors are characterized by a laminar flow [144]. At higher flow rates, water film 
thickness is increased, limiting solar radiation penetration required to activate the photo-catalyst 
thus decreasing degradation efficiency [145]. Enclosing the flat plate reactor with a UV transparent 
material is a limitation against scale-up and commercialization. For covering large-scale flat 
surfaces, the cost of UV transmissive glazing will significantly add to the reactor cost. Glazing 
needs to be thick to withstand pressures, and increasing the thickness will decrease UV 
transmissivity. Additional support may be required [105] increasing construction complexity and 
reactor cost. Filming of the glazing from inside and outside will decrease UV transmissivity into 
the reactor thus decreasing its optical efficiency. Regular cleaning of the glazing from inside and 
outside is an operational concern.    
2.2.10 Falling Film Photo-reactor 
Falling film reactor is a variation of the flat plate collector where the surface of reactor is left open 
to the atmosphere [106]. Falling film reactor is a non-concentrating reactor employing both direct 
and diffuse solar radiations. Laminar flow conditions prevail resulting in film thickness of 1mm 
[107]. Eliminating the reactor cover has two advantages: (1) purging the reaction solution with 
air/oxygen is unnecessary since oxygen is exchanged rapidly between air and water [39], (2) 
Falling film reactors have higher optical efficiency, elimination of transmissive losses due to cover 
material and thickness [106]. Thin-film fixed-bed reactors (TFFBRs) are falling film reactors 
having TiO2 immobilized on the reactor surface.  
Diluted pretreated leachate of Goslar landfill, Germany, was treated using TFFBR. TFFBR was 
made of glass plate having an area of 0.7 m2 (60 cm*118 cm). TiO2 was immobilized on the glass 
plate. The glass plate was etched with NaOH then dipped in TiO2 slurry. The coated plates were 
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left to dry overnight in room temperature. Multiple coating cycles were conducted.  UV-A lamps 
having a maximum intensity of 100 W/m2 were used for illumination. Wastewater was dispersed 
over the top of the coated plate using a multichannel peristaltic pump. In a single pass experiment, 
52% reduction of TOC and 56% reduction of COD were achieved at a flow rate of 1.5 L/hr [146].  
A TFFBR solar pilot plant was constructed in a textile factory in Menzel Temime, Tunisia. The 
pilot plant had two concrete reactors, each having a width of 2.5 m and a length of 10 m, resulting 
in a total illuminated area of 50 m2. Each reactor was connected to a 1 m3 tank from which water 
is pumped to a distributor at the top of the reactor [114]. One of the pilot plant reactors was used 
for the destruction of two commercial textile azo dyes in well water using immobilized TiO2. A 
painting roll was used to apply a TiO2 suspension in water as a coat onto the reactor surface. The 
researchers reported that some of the photo-catalyst was stripped off under the experimental 
conditions used [145]. Coating resistance to abrasion and attrition is highly questionable using this 
primitive immobilization technique. The reactor was operated in a recirculating batch mode to treat 
730 liters having a TOC of 44.8 mg/L. 47% degradation of TOC was achieved in 8 hours during 
sunny day of July and August [145]. A falling film reactor with immobilized TiO2 working in a 
recirculating batch mode is illustrated in Figure 8. 
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Figure 8: Schematic drawing of TFFBR system, adapted from [114], [146]  
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Falling film reactors suffer during strong winds from losing the homogeneity of the falling film 
[69]. The photo-catalytic film on TFFBR is exposed to pollution agents [128]. During cross winds, 
parts of the photo-catalyst is dry, thus impairing the treatment efficiency [147]. Another profound 
limitation is the difficulty of immobilizing TiO2 on large flat surfaces without the risk of the water 
flow stripping off the photo-catalyst.  
2.2.11 Thin Film Cascade Photo-reactor 
Laminar flow conditions associated with thin film flow pattern result in mass transfer limitations 
between the pollutants and photo-catalyst resulting in a limited treatment efficiency [128]. 
Waterfall effects of the cascade photo-reactor offer turbulence that reduces mass transfer 
limitations and enhances oxygen transfer [148].   
When a three plate thin film cascade reactor was used for the degradation of an aqueous solution 
of benzoic acid,   degradation was slightly higher than that achieved when using a flat plate reactor. 
Final dissolved oxygen concentration was also higher, suggesting that better degradation results 
could be achieved with a cascade reactor having an increased number of steps [149]. A pilot scale 
thin film cascade reactor consisting of nine stainless steel plates (17.5cm * 28 cm each) was 
developed. The plates were coated with TiO2 using an electrophoretic method resulting in a 
catalyst loading of 0.89 mg/cm2 [148]. Electrophoretic deposition requires plates degreasing, then 
etching with nitric acid. An electrolytic cell equipped with a magnetic stirrer is used for TiO2 
deposition. Plates are then dried and annealed in an oven at 200ᵒC for 90 min [149]. The reactor 
worked in a recirculating batch mode to treat benzoic acid in deionized water using sunlight. 
Similar to the falling film reactor, the thickness of the thin film is approximately 1 mm. Seven 
liters of water having 100 mg/L benzoic acid were treated at an average UV-A intensity of 17.4 
W/m2. 30% reduction of benzoic acid concentration was achieved after 180 min [148].  
Although immobilization of TiO2 on plates eliminated the necessity of a post-separation step of 
TiO2 out of the treated effluent, the cost of electrophoretic deposition is high especially for large 
surfaces. Plates encountering filming and deposition problems might be an operational concern.  
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2.2.12 Step Photo-reactor 
Step photo-reactor is based on a cascading thin-film principal. It is a stainless steel staircase 
(2m*0.5m) having 21 steps, covered with a Pyrex glass sheet. TiO2 is deposited on a flexible 
support of Ahlstrom paper using a silica-based inorganic binder. The coating method is patented. 
It is based on the impregnation of Ahlstrom paper with a mixture of TiO2 and silica binder, then 
the pressing of the paper by cylindrical rolls under constant speed and pressure [150]. However, 
the researchers did not report the TiO2 loading on the Ahlstrom paper nor the coating stability. The 
step reactor with immobilized TiO2 working in a recirculating batch mode is illustrated in Figure 
9.  
Recirculating 
Tank
Recirculating 
pump
Glass cover
TiO2 Immobilized on 
steps 
Oxidant 
Addition
 
Figure 9: Schematic drawing of Step photo-reactor system, adapted from [150] 
The reactor was operated in a recirculating batch mode, treating 25 Liters. The photo-reactor was 
used for treating an aqueous mixture of pesticides having an initial TOC concentration of 8 mg/L. 
80% degradation was achieved in 4.5 hours under an average UV-A intensity of 30 W/m2 [150]. 
The researchers did not report dissolved oxygen levels throughout their experiment. Since the step 
reactor is a closed reactor, the initial dissolved oxygen in water might not be sufficient to complete 
the reaction and additional air sparging would be required. Another concern is that the silica binder 
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surface is negatively charged as silica has a point of zero charge (PZC) close to 2 in contrast to 
TiO2 which has a neutral PZC. This hinders the adsorption of anionic pollutants leading to a 
decrease in their photo-degradation efficiency [150]. Although using this supported TiO2 
eliminates post-separation processes, it deprives TiO2 photocatalysis from the merit of being non-
selective, degrading various organic contaminants.  
Similar to flat plate reactors, enclosing a large scale reactor with a UV transparent material is a 
limitation against scale-up and commercialization due to increased capital cost associated with 
cover material, filming problems that would decrease reactor efficiency and have regular cleaning 
requirements, and increased operational costs associated with the need for reaction solution 
purging with oxygen or oxidants.  
2.2.13 Fountain Photocatalytic Reactor 
A thin film photocatalytic reactor was developed in which water passes through a nozzle forming 
a water-bell that flows around a vertical UV- lamp [151]. Unsupported water thin film offers two 
advantages: (1) a high oxygen exchange rate between air and water thus eliminating the need for 
additional aeration systems, (2) light penetration for the excitation of the photo-catalyst, thus 
allowing the use of higher catalyst loading [152]. The water-bell reactor was modified to use an 
external UV light source or sunlight. The resulting fountain photocatalytic reactor is a slurry type 
reactor in which a thin film of polluted water containing dispersed TiO2 is continuously generated 
by pumping water through a specially designed nozzle [153]. The use of a reflecting surface 
mounted beneath the lower side of the fountain allow the water thin film to be irradiated from both 
sides. A schematic drawing of the fountain reactor is shown in Figure 10.  
A fountain photo-reactor was operated in a continuous mode with very high recycle ratios. Almost 
all the water was recirculated through the nozzle with a minimum effluent flow rate. The photo-
reactor was used for the degradation of 20 mg/L salicylic acid in deionized water using UV-A 
intensity of 68.5 W/m2. Using 1 g/L of TiO2, conversions attained were 21% when the feed flow 
rate was 0.2 L/min while the recirculation flow rate through the nozzle was 40 L/min, with a 
recycle ratio of 200. The irradiated diameter was 0.9 m corresponding to an aperture area of 0.64 
m2 [154]. Treated effluent was directed to a settling tank for TiO2 recovery.  
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Figure 10: Schematic drawing of fountain photo-reactor, adapted from [153]  
A thin film configuration allows light penetration to activate the photo-catalyst and provide a 
continuous oxygen supply. The recirculation of the reaction solution allows for good mixing and 
efficient mass transfer while avoiding treatment dead zones. Although the fountain reactor works 
on a continuous mode, using TiO2 in the slurry form is still an operational concern. 
2.2.14  Slurry Bubble Column Reactor 
A slurry bubble column reactor was composed of a borosilicate glass column of 100 mm ID and 3 
m length. Water to be treated entered the column at the top while air was supplied to the reaction 
medium from the column bottom using a diaphragm air compressor. Sieve plates were used to 
reduce backmixing throughout the column. A schematic drawing of the slurry bubble column 
reactor is shown in Figure 11.  A parabolic reflector of a total surface area of 6 m2 was used to 
concentrate solar radiation on the reactor. The collector position was changed every 15 min to 
continuously track the sun. TiO2 was separated from treated water by a candle filter placed before 
the effluent outlet. The photo-reactor worked in a recirculating batch mode treating 19.5 liters. 
Aqueous solutions of nitrobenzene, chlorobenzene and phenol were treated using slurry TiO2 with 
concentrations of 3, 0.15 and 2 g/L respectively. In each case, the pollutant initial concentration 
was 100 mg/L. After 4 hours, degradation achieved for nitrobenzene and chlorobenzene were 70 
and 96 % respectively. Only 25 % degradation of phenol was achieved in 6 hours [40]. The photo-
reactor performance was higher when using a low TiO2 concentration. When using 1 g/L TiO2 in 
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a parabolic trough collector, transmittance drops to zero over a 10 mm path length [90]. In this 100 
mm column, increased suspension opacity caused a screening effect that reduced the system 
efficiency. 
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Figure 11: Schematic drawing of non-concentrating slurry bubble column photo-reactor, 
adapted from [40] 
The concept of a concentrating slurry bubble column reactor is not attractive for scale-up and 
commercialization for the following reasons: (1) the presence of moving solar tracking parts adds 
to the investment and operation costs, (2) reactors with transparent walls for radiation 
transmittance experience problems of filming and are prone to breakage risks. 
2.2.15  Flat Plate Column Reactor 
Designing a photo-reactor takes into account the hydrodynamic field, radiation source and field, 
mass balance and reaction kinetics [155]. CFD model was used in conjunction with Helmholtz 
equation for predicting the light distribution to design a reactor having a flat plate geometry. The 
resultant reactor had a width of 5 cm, thickness of 2.5 cm and height of 30 cm. The reactor walls 
along the width are transparent. A schematic diagram for a flat plate column reactor is illustrated 
in Figure 12. The reactor was packed with N-doped TiO2 immobilized on glass spheres. The 
influent was aerated then pumped to the column bottom by a liquid distributor for a homogeneous 
liquid flow through the packing material. The reactor was tested for degrading an aqueous solution 
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of methylene blue (10 mg/L). 65% degradation was achieved after 6.5 hours using visible light, 
while degradation reached 90% when using UV light [156]. 
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Figure 12: Schematic drawing of flat plate column reactor, 
adapted from [156] 
Since the reactor is closed, aeration or the addition of oxidants is a must. For scaling up purposes, 
channeling need to be avoided through the use of multiple liquid distributors throughout the 
column. Similar to the slurry bubble column reactor, flat plate column reactor are not promising 
for scale-up reactors. The reactor transparent walls for radiation transmittance are prone to 
breakage risks and filming problems. 
2.2.16  Pebble Photo-reactor 
The pebble photocatalytic reactor was used for the treatment of water containing dyes simulating 
a textiles dye house effluent. The reactor was composed of a trough (52 cm * 45 cm) made of 
Perspex transparent sheet. White pebbles having a mean diameter of 9 mm were fixed on the trough 
surface using two epoxy adhesives [123].  
TiO2 was immobilized on the pretreated pebbles surface by spraying a 2% TiO2 ethanol suspension 
followed by drying at 70ᵒC. Five coating cycles were conducted to obtain an adequate TiO2 
coating. The coated pebbles were dried at 150 ᵒC for 8 hours [157]. However, the researchers did 
not evaluate the stability of the immobilized TiO2 specially that calcination of the coated pebbles 
at high temperatures is normally practiced to enhance TiO2 coat adherence to the support [74], 
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[76], [77], [158]. The photo-reactor worked in a recirculating batch mode treating 10 liters of water 
having an initial TOC concentration of 83 mg/L. 15% TOC reduction was achieved in 5 h [123]. 
Similar to all reactors characterized by a laminar flow, the pebble bed reactor experiences limited 
degradation efficiency.   
2.2.17 Flat Packed Bed Reactor 
TiO2 immobilized on sand was used in the photo-reactor. The photo-reactor had a packed bed of 
40 gm sand, of 35 cm length and 2 cm width. Using naturally occurring sand as a support enables 
the preparation of a cheaply immobilized photo-catalyst. TiO2 was immobilized on quartz sand 
with average grain size of 250 microns using the sol gel method, followed by calcination at 850ᵒC. 
Although unsupported anatase generally transforms to rutile at temperatures around 600ᵒC [99], 
the researchers attributed the stabilization of the anatase phase in the coatings to the possible 
diffusion of Si, Zr and Al from the sand into the TiO2 coatings, inhibiting the atomic rearrangement 
to the rutile phase.  
The photo-reactor operated in a recirculating batch mode. One liter of deionized water inoculated 
with E-Coli, was recirculated through the photo-reactor. At a UV intensity 3.7 W/m2, complete 
sterilization was not achieved after 100 min. Poor performance was attributed to the limited 
catalyst exposure to light since only the top layer of grains were exposed to light [159]. A packed 
bed reactor working in a recirculating batch mode is illustrated in Figure 13.  
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Figure 13: Schematic drawing of packed bed photo-reactor system, adapted from [159] 
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2.3 Comparison of Different Reactors Throughput 
Table 3 presents throughputs of different slurry reactors and their degradation efficiencies 
achieved during selected treatment trials. Throughputs of reactors using immobilized TiO2, and 
their degradation efficiencies are presented in Table 4. All the selected treatment trials were 
conducted using solar light or UV-A light simulating solar light at neutral pH, without the addition 
of chemical oxidants, unless otherwise stated. An exact comparison between all reactor 
configurations is not possible since the treatment trials have different target pollutants with 
different concentrations, and different water matrices. However an insight on the throughput and 
efficiency that can be achieved by each reactor configuration is given.  
Although PTRs could achieve high degradation efficiency for wastewater streams having a low 
organic content, throughput is low due to large light harvesting areas. Lower throughput is 
achieved when PTR was used for treating wastewater of relatively high COD (2 g/L). This 
demonstrates that advanced oxidation is considered optimal for the treatment of water containing 
a low organic load – having a TOC lower than 100 mg/L, and a COD lower than 250 mg/L [103].  
Throughputs achieved by CPC vary greatly according to the water matrix and pollutant 
concentration. Throughputs for CPC is calculated based on the reflector area. However these 
throughputs would further decrease when taking into account the areas left between CPC modules 
to prevent CPC shadowing on each other [36].  
All reactors using immobilized TiO2 and characterized by a laminar flow (thin-film fixed-bed, 
pebble bed, thin film cascade reactors) experience limited degradation efficiency as well as limited 
throughput. 
Solar pond photo-reactor operating in a slurry mode achieved high throughput and an acceptable 
degradation efficiency. The fountain reactor has shown a relatively high throughput for a limited 
degradation efficiency of 20%. Allowing for a higher residence time will increase degradation 
efficiency and lower the throughput. Similarly a shallow tank reactor using immobilized TiO2 
achieved high throughput for a degradation efficiency of 50%. A lower throughput is expected 
when allowing longer treatment to attain a higher degradation efficiency. 
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Table 3: Slurry Reactors throughput and degradation efficiencies 
Reactor type Pollutant & conc 
Treated 
volume / 
flow rate 
Water matrix TiO2 conc 
UV-A 
W/m2 
Removal
% 
Reactor 
footprint 
m2 
duration Throughput 
L/hr/m2 
Ref 
PTR 
Salicylic Acid 
30 mg/L 
1100 L Deionized water 1 g/L 1600 96 465 40 min 3.54 [110] 
PTR 
TCE 
107 µg/L 
15 L/min 
Filtered 
groundwater 
1 g/L NA 90 154 
Single-pass 
mode 
5.82 [111] 
PTR 
PCP 
10 mg/L 
838 L Deionized water 1 g/L 24-30 100 384 20 min 6.55 [112] 
PTR 
COD 
2.075 g/L 
3.5 L 
Diluted paper 
mill effluent 
0.75 mg/L 35-45 70.5 3.7 180 0.32 [56] 
CPC  
 Cyanide – 50 
mg/L 
 DCA – 50 mg/L 
1 m3 Tap water 200 mg/L 30 
● 76 
● 100 
100 
● 115 min 
● 56.7 min 
● 5.16 
● 10.58 
[90] 
CPC  
Cyanide 
50 mg/L 
247 L Deionized water 200 mg/L 30 100 8.9 89 min 18.72 [90] 
CPC 
 Dichlorophenox
yacetic acid - 58 
mg/L 
 Bentazon - 32 
mg/L 
5 L 
water containing 
herbicides 
1 g/L 30 
 80 
 
 100 
0.248 1.34 hr b 15.05 [79] 
CPC 
DCA 
50 mg/L 
39 L Deionized water 200 mg/L 30 100c 3 35.3 min 21.97 [90] 
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Reactor type Pollutant & conc 
Treated 
volume / 
flow rate 
Water matrix TiO2 conc 
UV-A 
W/m2 
Removal
% 
Reactor 
footprint 
m2 
duration Throughput 
L/hr/m2 
Ref 
CPC 
DOC  
200 mg/L 
35 L 
Synthetic 
wastewater 
200 mg/L 30 18c 3.08 5.5 hr 2.06 [131] 
CPC 
COD 
11 g/L 
24 L 
Real cardboard 
industry effluent 
2 g/L NA 38 2.15 7 hr 1.59 [58] 
CPC 
COD 
89 g/L 
30 L 
Olive oil mill 
effluent 
1 g/L NA 12a 3.08 32 hr 0.3 [69] 
Tubular 
BTEX 
2 mg/L 
530 L 
Filtered 
groundwater 
1 g/L + 
100 mg/L 
H2O2 
45.3 75   37.2 3 hr 4.74 [113] 
Tubular 
Mixture of 
Naphthalene and 
Dibenzothiophene 
15 L Deionized water 1.5 g/L 30 92 NA 21 min 
Could not be 
calculated 
[136] 
Shallow pond 
reactor 
Chlorophenol 
8.5 mg/L 
28.8 L Tap water 3 g/L 31.4 88 0.57 2 hr 25.3 [137] 
DSSR 
DCA 
50 mg/L 
25 L Deionized water 7.5 g/L NA 100 1.37 3.5 hr 5.21 [141] 
DSSR 
TOC 
16.7 mg/L 
0.5 m3 
Biologically 
treated 
wastewater 
5 g/L 13.3 40 27.6 5.5 hr 3.36 [142] 
Flat plate 
reactor 
Chlorophenol 
12.85 mg/L 
56.8 L Deionized water 1 g/L 37.5 60 2.73 2.5 hr 11.1 [144] 
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Reactor type Pollutant & conc 
Treated 
volume / 
flow rate 
Water matrix TiO2 conc 
UV-A 
W/m2 
Removal
% 
Reactor 
footprint 
m2 
duration Throughput 
L/hr/m2 
Ref 
Flat plate 
reactor 
Pyrimethanil 
23 mg/L 
15 L Deionized water 1.5 g/L 30a 100  0.3 10.37 hr b 4.82 [143] 
Fountain 
reactor 
Salicylic acid 
20 mg/L 
0.2 L/min Deionized water 1 g/L 68.5 20 0.64 
Continuous 
flow 
18.75 [153] 
Slurry bubble 
column 
reactor 
 nitrobenzene  
 chlorobenzene 
 phenol 
100 mg/L  
19.5 L Deionized water 
 3 g/L 
 0.15 g/L 
 2 g/L 
 
NA 
 70 
 96 
 25 
 
NA 
 4 hr 
 4 hr 
 6 hr 
 
Could not be 
calculated d  
[40] 
 NA: not available 
 a pH adjusted to 2.8 
b Degradation efficiency was reported as a function of accumulated energy, assuming UV-A intensity of 30 W/m2, a normalized treatment duration is calculated  
c Conducted at pH 3.8, 3.3 
d Calculating throughput for this reactor based on its aperture area is not valid since the parabolic trough is vertical.  Calculating the throughput should be based on the 
reactor’s footprint area, which is the area bounded by the path of the revolving parabolic trough. Since the radius of the revolving path is not specified, the throughput 
could not be calculated.   
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Table 4: Immobilized TiO2 Reactors throughput and degradation efficiencies 
Reactor 
type 
Pollutant & Conc 
Treated 
volume/f
low rate 
Water matrix Support 
UV-A 
W/m2 
removal % 
Reactor 
footprint  
m2 
duration 
Throughput 
L/hr/m2 
Ref 
One 
packed 
tube 
BTEX 
2 mg/L 
2.4 L/hr 
pretreated 
groundwater 
Silica gel 3.2 100 0.375 a 
Single-
pass 
mode 
6.4 [134] 
Packed 
CPC 
Triclosan 
12 mg/L  
21 L 
Water-ethanol 
solution  
porous stones 30 50.5  1.71 2 hr 6.14 [133] 
Packed 
CPC 
Humic acids 
5 mg/L 
50 L 
Deionized 
water 
Ahlstrom paper NA 100 1  12 hr 4.16 [160] 
Packed 
CPC 
Amazil 
Acetamiprid 
thiabendazole 
100 µg/L each 
8 L 
Secondary 
treated 
municipal 
WW 
Glass spheres 30 
 70 
 10 
 10 
 
0.25 13.3 hr d  2.41 [80] 
Packed 
CPC 
15 emerging 
contaminant 
100 µg/L each 
10 L 
Secondary 
treated 
municipal 
WW 
Glass spheres 30 90e 0.3 136 min 14.7 [133] 
Packed 
CPC 
(Solwater) 
Fecal coliforms 
6.6*105  CFU/100 ml 
Enterococcus 
Faccalis 
5.4*104  CFU/100 ml 
20 L Ground water Ahlstrom paper 30  100 1 b 6 hr 4.98 [132] 
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Reactor 
type 
Pollutant & Conc 
Treated 
volume/f
low rate 
Water matrix Support 
UV-A 
W/m2 
removal % 
Reactor 
footprint  
m2 
duration 
Throughput 
L/hr/m2 
Ref 
Packed 
Tubular 
TOC 1 m3/day City water Silica beads NA 
Variable 
through 3 
month  
NA 
Single-
pass 
mode 
Could not be 
calculated 
[87] 
Fluidized 
bed 
shallow 
tank 
Bisphenol A 
10 mg/L  
1 L 
Deionized 
water 
ceramic carriers 30 100 0.0375 13 hr 2.05 [138] 
Floating 
bed 
shallow 
tank 
Ammonia 
975 mg/L 
5 L 
Petrochemical 
plant effluent 
Light expanded 
clay aggregate 
35-45 59 0.071 21 hr c 3.35 [82] 
Shallow 
tank 
reactor 
Phenol 
25 mg/L 
1.35 m3 Tap water 
 Photospheres 
 Steel mesh  
 Filtercloth 
330 
 50 
 47 
 80 
1.8 15 hr 50 [117] 
TFFBR 
TOC 
66 mg/L 
1.5 L/hr 
pretreated 
landfill 
leachate 
reactor surface 100 52 0.7 
Single-
pass 
mode 
2.16 [146] 
TFFBR 
 pilot plant 
Azo dye 
44.8 mg/L 
730 L Well water reactor surface NA 47 25 8 hr 3.65 [145] 
Thin film 
Cascade 
reactor 
Benzoic acid 
100 mg/L 
7 L 
Deionized 
water 
reactor plates 17.4 30 1.68 3 hr 1.39 [148] 
Step 
reactor 
Pesticides mixture 
8 mg/L  
25 L Tap water Ahlstrom paper 30 80 1 4.5 hr 5.56 [150] 
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Reactor 
type 
Pollutant & Conc 
Treated 
volume/f
low rate 
Water matrix Support 
UV-A 
W/m2 
removal % 
Reactor 
footprint  
m2 
duration 
Throughput 
L/hr/m2 
Ref 
Pebble bed 
dyes 
83 mg/L 
10 L 
Simulated 
dyehouse 
effluent 
pebbles 18.9 15 0.234 5 hr 8.52 [123] 
Flat packed 
bed 
E-coli 1 L 
Deionized 
water 
quartz sand 3.7 
 No 
complete 
sterilization  
0.07 100 min 8.57 [159] 
NA: not available   
a  The reactor having 4 pipes has a gross area of 1.5 m2, 0.375 m2 corresponds to operating only one reactor pipe 
b The reactor aperture area is estimated to be 1m2 (length of pipe 0.97m, taking into consideration spacing between the 4 pipes, 1 m width is assumed 
c Equivalent to treatment on 3 successive days, 7 hours/day, pH adjusted to 9 
d Degradation efficiency was reported as a function of accumulated energy, assuming UV-A intensity of 30 W/m2, a normalized treatment duration is calculated 
e Only 11  emerging contaminants were 90% degraded with in this time, atrazine, antiyirine, flumequine and carbamazepine needed longer time  
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2.4 Analysis of Previously Used Reactors 
It is postulated that using TiO2 nanoparticles in suspension is hindering the wide application of 
TiO2 photocatalysis in water treatment. However, a thorough review of the literature revealed that 
commonly tested reactor configurations for TiO2 photocatalysis suffer from other limitations that 
hamper their scale-up and commercialization. 
PTRs have a low throughput. PTRs are expensive due to the presence of moving parts and solar 
tracking devices. They have high operational costs associated with water cooling. PTRs are not 
competent for scale-up and commercialization. For the same reasons and complexity of set-up, 
concentrating falling film reactors are also not competent for scale-up. 
Flat plate reactors, step photo-reactor and DSSR are enclosed reactors having a UV transmissive 
glazing. For enclosing large reactors, the glazing thickness should be sufficient to withstand the 
operating pressures. Increasing the glazing thickness reduces the UV transmissivity as well as add 
to the reactor capital cost.  Also, there is a need for the continuous purging of the reaction solution 
with oxygen or adding oxidants. The UV glazing encounters filming problems, known as window 
fouling where photo-catalyst and/or water contaminants stick on the reactor surface leading to 
further decrease in UV transmissivity and lowering treatment efficiency.  
Falling film reactors operate in a laminar flow regime, thus experiencing limited treatment 
efficiency due to mass transfer limitations between the contaminants and the photo-catalyst. A 
large reactor area is required to attain acceptable treatment efficiencies. In addition, falling film 
reactors suffer from operation disturbances during windy weather where parts of the reactor 
surface would be dry thereby reducing the reactor effective surface area. A cost effective technique 
for immobilizing TiO2 on large flat surfaces that is resistant to photo-catalyst stripping off is still 
needed.  
CPCs are the most commonly used reactor configuration for use in experimental testing and 
demonstration plants. This can be partially attributed to the ease of experimental set-up. CPCs 
need purging with oxygen or the addition of oxidants, thus increasing the operational cost as well 
as the need for a thorough process control to avoid an uneven O2/oxidants distribution throughout 
the reactor. They suffer from optical losses and tubes aging due to long exposure to solar radiation. 
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Therefore regular tube replacement is necessary, incurring additional operational costs. Another 
issue with CPCs is the difficulty of using supported TiO2 since they frequently encounter problems 
of reactor clogging, catalyst fouling, and high pumping energy requirement to compensate for the 
pressure drop across the reactor. CPCs are not competent for scale-up and commercialization. 
For shallow pond or shallow tank reactors either using slurry TiO2, TiO2 immobilized on fluidized 
supports, TiO2 immobilized on fixed support or packed bed, water depth cannot exceed a few 
centimeters to maintain sufficient light penetration to activate the catalyst and attain high treatment 
efficiency.  
This analytical review reveals that there is a need to design a TiO2 photocatalytic reactor 
that meets all the process requirements - light penetration to activate the photo-catalyst, 
uniform reactor irradiation to avoid treatment dead zones, turbulence for efficient mass 
transfer, immobilized TiO2, continuous oxygen supply, and a reasonable reactor throughput 
and simple catalyst separation after treatment. 
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Chapter III  
 Design and Development of the Photocatalytic Reactor 
3.1 Conceptual Design 
A heterogeneous photocatalytic reactor for an efficient water treatment, suitable for scale-up and 
commercialization,  should fulfil the following requirement:  (1) high turbulence to ensure good 
mixing and high mass transfer rates between the pollutants and photo-catalyst [108], (2) sufficient 
light penetration to activate the photo-catalyst taking into consideration that light transmittance in 
a glass tube drops to zero over a 10 mm path length when using TiO2 concentration of 1 g/L [90], 
(3) a continuous supply of oxygen to the reaction solution since oxygen is essential for electron 
scavenging and treatment completion [126], and (4) the easy separation of photo-catalyst after 
treatment ends, and (5) operates on either a batch or continuous inflow mode. 
The proposed photo-reactor is based on exposing a thin water film containing TiO2 supported on 
high density grains to sunlight or artificial light. The thin water film is generated by recirculating 
polluted water and supported TiO2 through a water-bell nozzle, as shown in Figure 14. The thin 
water film has two advantages: (1) it allows for continuous oxygenation of the water film due to a 
high exchange rate of oxygen between air and the water film [107] thus not needing any additional 
aeration systems for purging the reaction solution with air [112], (2) it allows the use of high 
catalyst loading since complete light penetration through the thin film guarantees activation of the 
photo-catalyst [152]. In the proposed photo-reactor, TiO2 immobilized on supports dispersed in 
the polluted water is used.  This enhances the system efficiency as it eliminates mass transfer 
limitations related to diffusion of contaminant to the catalyst surface [114]. Recirculating the 
reaction solution at a high flow rate ensures long exposure times, provides good mixing and avoids 
treatment dead zones in the photo-reactor. The photo-reactor has a sufficient depth to allow for 
gravitational separation of the photo-catalyst from the treated effluent, where the clarified effluent 
is discharged from an outlet in the clarifying zone.  
As shown in Figure 14, the reactor is a circular tank with open top and a sloping bottom towards 
a central hoper. The bottom slope is steep enough to direct the photo-catalyst to the center hopper 
of the reactor tank. Water and photo-catalyst are withdrawn from the central hoper by a pump and 
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re-injected into the vertical feeders that terminate at their top with the water-bell nozzles. The 
recirculating flow exiting the nozzle is in the form a thin radial water film exposed to air from 
above and below, where the thin film is set higher than the water level in the reactor. The thin film 
is uniformly illuminated by solar radiations or UV light located above the reactor. The thickness 
of the radial sheet jet is small enough to ensure light penetration for efficient catalyst activation 
and water oxygenation. Wastewater is continuously discharged into the reactor through the inlet. 
The reactor outlet is located just below the water level in the reactor in the form of a weir to ensure 
that the outflow is always equal to the inflow, thereby keeping the reactor effective volume (V) 
constant.  
 
Figure 14: Schematic section of supported TiO2 water- bell photo-reactor 
The proposed conceptual design is suitable for scale-up and commercialization due to five 
distinctive features that are: (1) the modular design, increasing the number of nozzles for treating 
a larger volume, (2) an integrated storage to cope with treatment disturbances; no external 
recirculating tank is needed, (3) the photo-reactor does not include any UV transmitting 
components that would suffer from optical losses [128] and would be prone to UV-solarization 
from long exposure to solar radiation [127], (4) the photo-reactor does not include any UV 
transmitting walls that pose limitations on reactor size due to risk of breakage as well as having 
sealing and filming problems, and includes a section for the settling of the immobilized catalyst.  
Clear treated 
effluent
Settling      Zone 
Recirculating 
pump
Wastewater 
inffluent
wastewater & 
supported photocatalyst
wastewater & 
supported photocatalyst
Clarifying                  Zone 
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3.2 Support Selection 
Suitable support material to be used for TiO2 immobilization should be chemically inert, with good 
resistance to UV degradation, of low cost, and high density for easy separation by gravity. Sand 
was selected as a TiO2 support for its high density (specific gravity 2.65). Additionally, it is locally 
available and cheap, chemically inert, mechanically resistant and abundant in various particle 
sizes. 
The important issue here was determining the sand particle size and sand loading that meet the 
process hydrodynamic requirements. Two aspects were considered: the smaller the particle size, 
the larger is the surface area available for TiO2 immobilization and the less susceptibility that the 
sand particles would cause pump wear. The larger the particle size, the faster the sand particles to 
settle by gravity and easier to separate from the treated effluent after treatment completion.   
An analogy can be used from the commercial ACTIFLO process. ACTIFLO is a ballasted 
clarification process developed by Veolia Water Solutions where micro-sand is used to enhance 
floc formation and act as a ballast to aid in rapid settling of the coagulated material [161]. Micro-
sand used in ballasted flocculation can vary in size from 40 to 300 microns, typical sand loading 
is in the range of 1 to 12 g/L [162] 
Table 5 shows settling velocities for sand particles of different sizes calculated using stokes law 
[163] for discrete particle settling [164] of spherical particles under laminar flow conditions as 
shown by Equation 14.  
 Equation 14 
where 𝑣𝑠 is settling velocity in m/s, 𝑔 is the gravitational acceleration m
2/s, 𝜌𝑝 
and 𝜌 are the 
density of sand and water respectively in kg/m3, 𝐷𝑝 is the solid particle diameter and µ is the water 
dynamic viscosity in kg/m.s .   
Table 5: Settling velocities for sand particles of different sizes 
𝐷𝑝 micron 40 75 150 180 240 300 
𝑣𝑠 m/s 0.001 0.005 0.020 0.029 0.052 0.081 
𝑣𝑠 cm/min 8.62 30.32 121.28 174.64 310.46 485.10 
𝑣𝑠 = 
𝑔 (𝜌𝑝 − 𝜌) 𝐷𝑝
2
18 µ
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Commercial non-technical grade sand used in construction activities was sieved using mechanical 
sieve shaker shown in Figure 15. Fraction having particle size ranging from 150-180 microns 
(passing sieve 80 and retained on sieve 100) was used for the photo-reactor hydrodynamic testing. 
 
Figure 15: Mechanical Shaker 
3.3 Light Source Selection  
Rutile has a bandgap of 3.00 eV while anatase has a bandgap of 3.23 eV [98]. UV radiation is 
classified as UV-A which has its wavelength spans from 400 to 315 nm having photon energy of 
3.10 to 3.94 eV, UV-B whose wavelength spans from 315 to 280 nm having photon energy of 3.94 
to 4.43 eV and UV-C whose wavelength spans from 280 to 100 nm having photon energy of 4.43 
to 12.4 eV [37].  The photon energy is calculated using Equation 15 [165]:  
𝐸 = 
ℎ. 𝑐
𝜆
=
1.2398
𝜆
  Equation 15 
where 𝐸 is the photon energy in keV, h is the Planck’s constant (6.62 * 10-34 j/s), c is the speed of 
electromagnetic radiation in vacuum (3 * 108 m/s) and λ is the wavelength in nm. From Equation 
15, anatase, can be activated using light having wavelength < 384 nm.  
Among the commercially available artificial UV light sources are Xenon arc lamps, low pressure 
germicidal lamps and black light (BL) lamps. Xenon arc lamps are high intensity discharge lamps 
in which Xenon gas is kept at high pressure of several atmospheres. Xenon lamps are available 
from 5 to 32,000 W [166]. They have a broadband emission spectra that extends from the UV 
range to the infrared (185 – 2000 nm) [167]. Most of the input electrical energy is converted to 
heat and visible light, while about 10% is emitted in the UV range [168]. Although Xenon arc 
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lamps can be used as sun simulators, they are expensive [169]. They also have a short operational 
life time of about 1000 hours [39].   
Low pressure germicidal lamps are discharge lamps containing mercury at low pressure of 0.01 
atm [170]. They emit UV-C light having a wavelength of 254 nm. BL are fluorescent lamps that 
emit UV-A light having a wavelength of 350±20 nm. Fluorescent lamps are low pressure mercury 
discharge lamps whose bulbs are internally coated with a phosphor. Germicidal lamps and 
fluorescent lamps have an operational life time of 4000 to 14000 hours [39]. Their power is limited 
to < 215 watt [166]. Germicidal lamps are made of quartz to allow the transmission of UV-C light, 
where quartz has cut off at 200 nm [39] while fluorescent lamps are made of the cheap low-iron 
borosilicate glass that transmits radiations higher than 285 nm [127]. 
UV-C light which is dangerous and may cause skin cancer and blindness. Atmospheric ozone 
absorbs all UV-C and prevent them from reaching earth surface [171]. Although UV-A light 
photocatalytic systems are less efficient than UV-C light photocatalytic systems in terms of photon 
energy, BL lamps were selected as an artificial UV-A light source since UV-A light poses less risk 
to biological systems. BL lamps are used insect traps [172], thus no special safety precautions are 
needed to be incorporated in the photo-reactor design.  
In order to select the appropriate BL lamps in terms of wattage and number, it is necessary to 
determine the light intensity range at which the photocatalytic degradation experiments are to be 
conducted. The ultimate objective of the photocatalytic reactor design is to use solar radiation for 
catalyst activation. The UV light intensity reaching a particular location depends on solar 
elevation, scattering by clouds, absorption by ozone, aerosols and atmospheric gases, altitude, 
surface albedo and the elliptical orbit of the earth about the sun [171]. The average amount of UV 
solar radiation received by the earth’s atmosphere per unit area is given by UV solar constants. 
UV-A solar constant is 70.64 W/m2 for 320 ≤ 𝜆 ≤ 390 and while UV-B solar constant is 19.02 
W/m2 for 290 ≤ 𝜆 ≤ 320 [173]. 90 W/m2 is the upper limit for UV intensity to be used for 
conducting the photocatalytic tests.  
3.4 Model Contaminant Selection 
Phenol is chosen as a model contaminant in this study since: 
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1-  It is one of the pollutants included in the EPA priority pollutants list [174] 
2- It is a precursor for various emerging contaminants in the environment [44] 
3- It is an intermediate product in the oxidation pathway of high molecular weight aromatic 
compounds [175]. 
4-  Phenols and phenol derivatives easily donate a free electron forming phenoxy radicals that 
can penetrate living cells, damaging their mitochondria, endoplasmic reticulum 
membranes, nucleus, nuclic acids and enzymes [101].   
Heterogeneous TiO2 catalysis has been successfully used in the degradation of numerous phenolic 
compounds including chlorophenol [60], [176], [144], [78], [140],  dinitrophenol [40], [136], 
pentachlorophenol [112], trimethylphenol [73], bisphenol A [42], the antimicrobial triclosan [97], 
the fungicides pyrimethanil [143] and Imazlil [80], the herbicide 2,4-D [79], the analgesic salicylic 
acid [177], [153] and paracetamol [178], the anti-inflammatory Dichlofenac [133], the surfactant 
Triton-X 100 [85], the dyes methyl orange [179], [180], direct yellow 12 [68] and congo red [150], 
the food colorants fast green and patent blue [62]. The chemical structures of some these phenolic 
compounds are shown in Figure 16. 
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Figure 16: Chemical structure of some popular phenolic compounds, adapted from [133], [150] 
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3.5 Development of Pilot-scale Reactor  
Sizing of the physical model including reactor dimensions and determination of recirculation 
components specifications, was accomplished after the determination of sand particle size and 
catalyst loading range. The proposed design is shown in Figure 17. 
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Figure 17: Schematic drawing of preliminary photo-reactor  
A preliminary cheap plastic reactor with the suggested dimensions was fabricated.  The 
preliminary plastic reactor is shown in Figure 18.a and Figure 18.b. The reactor was assembled 
with a commercial water-bell nozzle, recirculation pump, piping and fittings. Thin film generation 
as well as recirculation of the sand were successfully achieved through the reactor model, however, 
an issue of sand settling in the reactor bottom was encountered as shown in Figure 18.c.   
  
 
Figure 18: Preliminary plastic reactor 
a b c 
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These results were used for modifying the reactor model. In order to facilitate sand suction with 
the flow, the pump suction line was connected to a narrow sump at the tank bottom while the pump 
discharge line was connected to the vertical feeder and the nozzle from the tank side as shown in 
Figure 19.  
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Figure 19:Schematic drawing of modified photo-reactor  
The new prototype was fabricated from stainless steel, an inert material that would not interfere 
with the treatment outcomes. The new prototype is shown in Figure 20.a and Figure 20.b. Despite 
the modifications, the settled sand was not directed to the central hoper, as seen in Figure 20.c, 
which indicates that the internal circulation was missing the catalyst.  
 
 
 
Figure 20: Stainless steel photo-reactor  
a b 
c 
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These results were used for finalizing the physical model. The photo-reactor was modified to 
have a conical bottom to avoid sand settling outside the central hoper.   
3.6 Pilot-scale Photocatalytic Reactor  
The final photocatalytic reactor is a stainless cylindrical steel tank, 45 cm in diameter, having a 
conical bottom, equipped with a commercial water-bell nozzle and a commercial peripheral pump 
(Matra, CM6/1, 0.5 hp). The pilot-scale photo-reactor is operated in a recirculating mode after 
being filled as a batch reactor. The flow rate through the water-bell nozzle is measured by a 
commercial flow meter ( ½” multi-jet water meter, magnetic drive dry-dial). Four UV-A lamps 
(Sylvania, blacklight 350 nm, 15 W each) are used for illuminating the reactor. These lamps are 
emitting UV radiation between 315 nm and 400 nm with a peak at 352 nm. The lamps are installed 
equidistantly in a 45 cm*45 cm lamp casing that is hung over the reactor using a chain block to 
guarantee a uniform light distribution over the water film. The light intensity on the thin water film 
is controlled by varying the distance between the water film and the light source. Figure 21 shows 
a schematic section of the pilot-scale photo-reactor.  
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Figure 21: Schematic section of the pilot scale water-bell photocatalytic reactor 
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The pilot water-bell photoreactor is shown in Figure 22.a .As seen from Figure 22.b and Figure 
22.c, a water fountain that extended along the tank diameter was generated, and sand 
recirculation was achieved.  
 
  
Figure 22: Pilot scale water-bell photocatalytic reactor 
After the successful hydrodynamic testing of the prototype, evaluation of the photocatalytic 
reactor performance in phenol degradation using slurry TiO2 started. 
 
 
  
a 
b c 
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Chapter IV 
Slurry Water-bell Photo-reactor  
A set of tests using slurry TiO2 were carried out to assess the photocatalysis function of the slurry 
water-bell photo-reactor (SWBP), referred to as slurry mode tests.  The tests were planned to 
investigate the effect of catalyst loading, light intensity, initial concentration, addition of hydrogen 
peroxide and exposure time on treatment efficiency. Dissolved oxygen (DO) concentration, 
temperature and pH were monitored throughout all the runs. Photocatalytic degradation tests were 
carried in a recirculating batch mode using commercial TiO2 (aeroxide P25). All treatment tests 
were conducted at natural tap water pH with no pH adjustment. All treatment tests were restricted 
to 4 hours. A longer treatment period would result in a low throughput that will render the photo-
reactor inappropriate to scale-up and commercialization.  
4.1 Experimental Procedure 
The aeroxide P25 (purity 99.5%, Aldrich, with an average particle size of 21 nm, approximate 
BET surface area 35-65 m2/g, anatase to rutile ratio is 80:20) was used as received. Phenol (purity 
99.5 %, Riedel-deHaen) used as received was added to tap water. No pH adjustment was 
conducted. A 25mL sample was withdrawn hourly for analysis. DO concentration, temperature 
and pH were monitored throughout all runs. An oxygen probe and oximeter (Hach, Lange 
LDO101) were used for measuring DO and temperature. A probe and pH meter (Thermofischer, 
Orionstar A211 pH meter) were used for measuring pH.  
The samples were filtered using 0.45 micron Whatmann syringe, then phenol analysis was 
conducted. The 4-Aminoantipyrine method adapted from EPA method #420.1 [181] and Hach 
method #8047 [182] was used for phenol determination. The direct photometric method without 
solvent extraction is adequate for measuring phenolic concentrations higher than 50 µg/L. At an 
alkaline pH of 10, phenols react with 4-aminoantipyrine in the presence of potassium ferricyanide 
producing antipyrine dye that has a stable reddish-brown color. A direct-reading 
spectrophotometer (Hach, DR/2000) was used to read absorbance at 510 nm after 15 min for 
samples as well for the standards needed for constructing the concentration – absorbance 
calibration curve.  
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Light intensity was measured hourly using a digital UV light meter (General UV513AB) and 
adjusted if necessary. The digital UV light meter measures UV radiation in the range of 280 nm to 
400 nm. Flow through the system was measured hourly using the commercial flow meter. All 
standards were prepared using deionized water. Hydrogen peroxide solution (50% W/W) was 
used. The detailed operational parameters and degradation results for some of the experimental 
runs are included in Annex I.   
4.2 Catalyst Loading and Light Intensity 
A factorial design of experiments was adopted, testing two levels of light intensity (60 and 90 
W/m2) and four levels of catalyst loading (0.35, 0.7, 1.4 and 3 g/L). Tests were conducted for 
treating 7 liters with a phenol initial concentration of 20 mg/L and recirculating flow rate of 19 
L/min. Variation of phenol concentration (C) as treatment proceeded is shown in Figure 23. 
 
Figure 23: Effect of catalyst loading and light intensity on phenol treatment 
To ensure that the achieved degradation was attributed to photocatalytic degradation not air 
stripping nor photolysis, wastewater was recirculated for 4 hours at similar flow rate: 1) in absence 
of light and TiO2, 2) under UV-A light in absence of TiO2. There was no phenol removal by 
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aeration only. This is in agreement with other researchers’ finding that phenol is not lost by 
stripping even while air bubbling of the reaction solution is conducted [183]. This is expected 
owing to the phenol low henry’s constant (3.97*10-7 at 20ᵒc). Additionally, there was no phenol 
removal when recirculation was carried under UV-A irradiation in absence of TiO2. This is in 
accordance with other researchers finding that photolysis of phenol with UV-A light does not occur 
[138], [184]. 
The residual phenol concentration decreased from 16.7 to 8.9 mg/L as the catalyst loading 
increased from 0.35 to 3 g/L at a light intensity of 60 W/m2. At light intensity of 90 W/m2, the 
residual phenol concentration decreased from 15.9 to 10.1 mg/L as the catalyst loading increased 
from 0.35 to 3 g/L. Table 6 presents phenol percent reduction achieved for different catalyst 
loadings at the two levels of light intensity. 
Table 6: Phenol percent reduction as a function of catalyst loading at different light intensities 
catalyst 
g/L 
Light Intensity 
60 W/m2 90 W/m2 
0.35 15.8 21.7 
0.7 24.2 27.3 
1.4 27.3 41.8 
2.9 55.7 49.0 
At low and moderate catalyst loadings up to 1.4 g/L, phenol degradations at 90 W/m2 were higher 
than those at 60 W/m2. When using a high catalyst loading of 3 g/L, phenol reductions at 60 and 
90 W/m2 were comparable as demonstrated in Figure 24.  
 
Figure 24: Phenol reduction as a function of catalyst loading at different light intensities 
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A two-way analysis of variances (ANOVA) was conducted to investigate the effect of catalyst 
loading and light intensity and to determine which of the two parameters has a significant effect 
on the treatment efficiency. At a level of significance (1- alpha) of 95, the catalyst loading had 
FCatalyst loading (13.7) which was higher than FCritical (9.2), indicating that catalyst loading 
significantly affects the treatment efficiency. The P-value (0.03) was smaller than the used alpha 
(0.05). As for light intensity, the FLight intensity (0.6) was smaller than FCritical (10.1), indicating that 
variation of light intensity from 60 to 90 W/m2 does not enhance the treatment efficiency. 
To confirm this finding, Tukey’s test was conducted to compare the treatment means at the two 
light intensity levels for different catalyst loadings. Tukey’s difference (Tα) is calculated by 
Equation 16 [185].  
 Equation 16 
At a significance level of 99.5, for every catalyst loading, the difference between the treatments 
averages at the two light intensity levels where smaller than Tα confirming that variation of light 
intensity from 60 to 90 W/m2 did not affect the treatment efficiency. The detailed two-factor 
ANOVA analysis and Tukey’s test are included in Annex II and Annex III. 
A similar finding was encountered on treating diluted landfill effluent in a TFFBR using light 
intensity of 50 and 100 W/m2. TOC removal of 36 % and 43% were achieved respectively. A 6% 
increase in TOC removal, achieved when light intensity was increased from 50 to 100 W/m2, 
reflected a loss of photonic efficiency as light intensity was increased [146]. On treating ammonia 
in a shallow pond reactor using light intensities of 45 and 171 W/m2, degradation achieved was 
42.2 % and 58.1% respectively. An additional degradation of 16% was attained while using the 
171 W/m2 light intensity taking into consideration that a cooling water system was needed to keep 
the reactor temperature at ambient temperature [83].  
It is well known from the literature that at low levels of light intensity, the photocatalytic reaction 
rate increases as the light intensity increases until a threshold value is reached where the reaction 
rate is independent of the light intensity [124].  At low light intensities, the rate of electron-hole 
formation increases as the light intensity increases, where the hole formation is the rate-limiting 
step. At high light intensities, with the abundance of the photogenerated oxidative species, the 
Tα=  qα(a, f)√MSE/n 
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reaction rate becomes mass transfer controlled [35]. This light intensity threshold value varies 
according to the reactor design and target pollutant [130].   
To avoid loss of photonic efficiency and unnecessary heating of the reaction solution, high light 
intensities were not further applied for photocatalytic degradation tests in the water-bell photo-
reactor.  
4.3 Appropriate Catalyst Loading 
Since the rate of photo-degradation has increased with increasing the catalyst loading, additional 
tests were conducted using 2, 4 and 6 g/L to determine the maximum catalyst loading. Tests were 
conducted treating 3 liters with phenol initial concentration of 25 mg/L, recirculating flow rate 19 
L/min, at a light intensity of 60 W/m2. Using 4 g/L led to the highest degradation efficiency of 
64% as shown in Figure 25.a. At catalyst loadings higher than 4 g/L the degradation efficiency 
decreased. This can be attributed to the screening effect induced by the highly turbid suspension 
and the associated light scattering [37]. As shown in Figure 25.b, the increase in catalyst loading 
from 2 to 4 g/L lead to an incremental increase in the degradation efficiency of only 7%.  From an 
operational cost point of view, this relatively small enhancement does not justify doubling the 
catalyst loading. Therefore a catalyst loading of 2 g/L may be considered as more appropriate. 
 
 
Figure 25: Effect of catalyst loading on phenol reduction: a) concentration profile,  
and  b) reduction %  
a 
b 
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4.4 Degradation Kinetics 
Photocatalytic degradation kinetics can be widely explained using Langmuir-Hinshelwood (L-H) 
kinetic model - Equation 17 - for solid-liquid reactions [186], where C is the pollutant initial 
concentration, kr is the reaction rate constant and Kads is the adsorption coefficient of the pollutant 
on the TiO2 surface. When the pollutant concentration is high (C> 5 mM), the term KadsC will be 
much higher than 1, thus the L-H model is simplified into the zero-order reaction model [124]. 
The degradation rate is maximum as described by Equation 18, where K is the degradation rate 
constant. When the pollutant initial concentration is low (C<<1 mM), the term KadsC will be 
negligible thus the L-H model is simplified into the pseudo first-order reaction model [95], as 
described by Equation 19, where Kapp is the apparent degradation rate constant.  
𝑟 = − 
𝑑𝐶
𝑑𝑡
 =  
𝑘𝑟 . 𝐾𝑎𝑑𝑠. 𝐶
1 + 𝐾𝑎𝑑𝑠. 𝐶
 Equation 17 
𝑟 = − 
𝑑𝐶
𝑑𝑡
 =  𝐾 Equation 18 
𝑟 = − 
𝑑𝐶
𝑑𝑡
 =  𝐾𝑎𝑝𝑝. 𝐶 Equation 19 
𝐶 = 𝐶0 𝑒
−𝐾𝑎𝑝𝑝𝑡 Equation 20 
For different catalyst loadings at the two light intensities, a plot of -ln C/Co against t was 
constructed, where C, Co and t are the pollutant concentration, initial concentration and time, 
respectively. The plot was linear with a slope of Kapp as shown in Figure 26. The values of Kapp 
and their corresponding coefficient of determination (R2 value) are shown in the figure as well. 
Phenol photocatalytic degradation fitted the pseudo-first order reaction kinetic model expressed 
by Equation 20. 
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Figure 26: Effect of catalyst loading and light intensity on degradation rate 
In order to confirm that phenol photocatalytic degradation in the SWBP fitted the pseudo-first 
order reaction kinetic model, the effect of initial concentration of phenol on the apparent 
degradation rate constant was investigated using an initial concentration of 13 and 25 mg/L (0.14 
and 0.26 mM). Tests were conducted for treating 3 liters under UV-A light intensity of 60 W/m2, 
at a recirculating flow rate of 18.6 L/min.  Kapp was almost equal for the two initial concentrations, 
0.192 and 0.198 hr-1 as shown in Figure 27.  
 
Figure 27: Effect of initial concentration on apparent degradation rate 
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This finding is further confirmed when explained in the context of reaction pH.  Researchers have 
reported that TiO2 photocatalytic degradation of phenol increases as pH increases from 2 to 6.5, 
and decreases at  higher pH up to 11 [33]. In another study, it was demonstrated that at pH 4, 68% 
phenol degradation was achieved. Phenol degradation was decreased to 51% at pH 7 and 39% at 
pH 9 [34]. This was attributed to the catalyst surface charge that affects the contaminants 
adsorption-desorption on the catalyst surface. The PZC of P25 is around 6.5 [61]. At lower pH 
values, the TiO2 surface is positively charged. At PZC, the surface is neutral while at higher pH 
values, the TiO2 surface is positively charged according to the equilibrium equations (Equation 21 
& Equation 22) [37]; 
At pH < PZC : 𝑇𝑖𝑂𝐻 + 𝐻+⟷ 𝑇𝑖𝑂𝐻2
+  Equation 21 
At pH > PZC : 𝑇𝑖𝑂𝐻 + 𝑂𝐻−⟷ 𝑇𝑖𝑂− Equation 22 
Phenol is a weak acid, having an acid dissociation constant ka of 10 
-10. Phenol dissociates in water 
according to Equation 23, where PHOH and PHO- are phenol and phenolate ion concentrations. 
At pH < pKa, phenol exists in the non-ionic form, while at pH > pKa, phenol exists as the phenolate 
ion.    
𝑃𝐻𝑂𝐻 ⇌  𝑃𝐻𝑂− + 𝐻+    ,     𝑝𝐾𝑎 = 10  Equation 23 
In acidic pH, phenol exists in the nonionic form, and adsorption on the positively charged TiO2 
enhances the degradation rate. In alkaline pH, phenol exists as the negatively charged phenolate 
ions, and the coulombic repulsion between phenolates and the negatively charged TiO2 surface 
slows the degradation process [36]. Through all the runs, tap water spiked with phenol is used. 
Tap water pH is alkaline in the range of 8. At this pH, phenol adsorption on the negatively charged 
TiO2 surface is disfavored as concluded from the pC-pH diagram shown in Figure 28, where pC 
equals –log(C), C being the concentration of the species at hand. However all the tests were 
conducted at this pH that is more likely to resemble municipal wastewater pH. 
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Figure 28: pC - pH diagram for a total phenol concentration of 0.14 mM, at 25ᵒC, 
adapted from [32]. 
4.5 Temperature and DO Levels  
DO levels are expected to decrease as the treatment proceeds due to: (1) consumption in the 
degradation process, (2) stripping off due to the rise in water temperature. The increase of the 
reaction temperature without aeration has an adverse effect on the degradation efficiency. In 
photocatalytic degradation tests of water contaminated with benzoic acid, using thin film cascade 
reactors without solution aeration, as the temperature increased from 18 to 28 C, TOC removal 
decreased by 8%. Researchers attributed reduced removal efficiency to the decrease in DO levels 
[149].  
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Throughout all the runs in the SWBP, despite the rise in temperature, aeration was sufficient to 
keep DO levels constant around saturation. The maximum rise in temperature during the 
experimental runs had an average of 3.2C. Figure 29 shows the results achieved during the trial 
that recorded the highest maximum rise in temperature while treating 3 L of wastewater containing 
25 mg/L phenol. The test was conducted using a catalyst loading of 4 g/L, at a recirculating flow 
rate 19 L/min and light intensity of 60 W/m2. DO concentration remained constant during the 
treatment although 64% reduction in phenol concentration was achieved while an increase of 4.7ᵒC 
in water temperature was encountered.  
 
Figure 29: Variation of phenol concentration, reaction temperature 
& DO with treatment time 
During several tests conducted using CPCs under sunny conditions in PSA, Spain, with UV-A 
intensity in the range of 20-30 W/m2, the temperature of the effluent in these experiments was 
40C [150] and higher [69], [131]. One of the merits of the passive aeration of the water-bell photo-
reactor is the limited temperature rise rendering temperature control and additional cooling 
unnecessary. This is obvious from the results of the test conducted on a sunny day in February 
2017. The test was conducted on the roof of the School of Sciences and Engineering building on 
the AUC campus in New Cairo. The maximum and minimum wind speed reported in Cairo during 
that day were 34.5 and 9.61 mph respectively. The average UV light intensity (UV-A & UV-B) 
during the test was 45 W/m2. Photocatalytic degradation of 56% of phenol was achieved during 
treating 7 L of wastewater having a phenolic concentration of 20 mg/L. The maximum rise in 
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temperature was 0.5 C, in fact as treatment proceeded temperature decreased. The UV light 
intensity, temperature, phenol and DO concentration are shown in Figure 30.  
 
 
Figure 30: Variation of :  a) UV intensity and temperature, b) phenol & 
DO concentration, during sun condition test  
4.6 Oxidants Addition   
Dissolved oxygen desorption from TiO2 surface is favored with an increase in temperature. The 
absence of electron scavengers on the catalyst surface promotes hole/electron recombination thus 
impairs the degradation process [95]. One strategy to enhance the degradation efficiency is to add 
chemical oxidants to act as electron scavengers. Hydrogen peroxide and persulfates are the 
commonly used oxidants in photocatalytic treatment tests. Persulfate, having an EOP of 2.01 V 
[35] is a more powerful oxidant than hydrogen peroxide. However, hydrogen peroxide was used 
a 
b 
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in this study, because with an increased dose of persulfate, it can become a secondary pollutant 
itself increasing sulfate levels in the treated water. Sulfates in treated water for reuse are being 
regulated recently at a maximum limit of 500 mg/L in many countries [4].   
The tests treated 7 L of wastewater having a phenol initial concentration of 20 mg/L, recirculating 
at a flow rate of 19 L/min, and using light intensity of 60 W/m2. Figure 31 shows phenol reductions 
achieved when using: (i) 250 mg/L H2O2 only, (ii) TiO2 only, (iii) TiO2 and 50 mg/L H2O2, (iv) 
TiO2 and 150 mg/L H2O2. The maximum temperature rise during the four tests were 3.3, 3.4, 3.5 
and 2.8 C respectively. Analysis of variances for H2O2 addition was conducted. At a level of 
significance of 95, H2O2 addition had the P-value (0.026) smaller than alpha (0.05), FH2O2 addition 
(5.92) was higher than FCritical (4.46), indicating that H2O2 addition significantly affects the 
treatment efficiency. The detailed two-factor ANOVA analysis is included in Annex IV. 
 
Figure 31: Effect of H2O2 addition on phenol reduction 
Using of 250 mg/L H2O2 alone under UV-A light did not lead to any phenol degradation. This was 
expected since cleavage of the peroxide bond to produce highly reactive OH• requires UV-B light 
having wavelength shorter than 300 nm [70]. H2O2 is stable at room temperature, and its 
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decomposition into reactive hydroxyl radicals requires activation. Activation can be achieved 
either by UV, ozone, or catalysis by transition metals such as Fe2+/Fe3+ (Fenton process) [187].  
𝐻2𝑂2
𝜆 ≤ 300 𝑛𝑚  
→        2 𝑂𝐻• Equation 24 
On treating 7L of water, phenol reduction increased from 41% when using TiO2 solely to 67% 
when using TiO2 and 50 mg/L H2O2. When the concentration of H2O2 was increased to 150 mg/L, 
there was no degradation improvement. This is in agreement with other researchers’ findings about 
the optimum concentration for H2O2 when it acts as an electron scavenger that produces additional 
hydroxyl radicals as previously illustrated by Equation 9. At higher concentrations, H2O2 impairs 
the degradation efficiency where excess H2O2 scavenges OH
• producing the less reactive HO2
• 
which can further scavenge more OH• according to Equation 25 and Equation 26 [71]. 
𝐻2𝑂2  + 𝑂𝐻
•  →  𝐻𝑂2
•  + 𝐻2𝑂  Equation 25 
 𝐻𝑂2
•  + 𝑂𝐻•  → 𝑂2  + 𝐻2𝑂  Equation 26 
4.7 Exposure Time 
The water-bell photo-reactor has two distinctive times: residence time and direct exposure time 
(texposure). For the recirculating batch mode, residence time is the total treatment duration (ttreatment). 
The exposure time texposure is the time of exposure of the water thin film to the light which is the 
sum of exposure cycles. The exposure time of a cycle (texposure/cycle) is the time duration during 
which the water particle is exposed to light as it exits the nozzle until it hits the tank boundary and 
falls downward. The total exposure time is calculated using Equation 27 to Equation 29.   
𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =   𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒/𝑐𝑦𝑐𝑙𝑒 ∗ 𝑁𝑐𝑦𝑐𝑙𝑒 Equation 27 
𝑁𝑐𝑦𝑐𝑙𝑒 = 
𝑡𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑡𝑐𝑦𝑐𝑙𝑒
 Equation 28 
𝑡𝑐𝑦𝑐𝑙𝑒 =
𝑉
𝑄
 Equation 29 
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Where 𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 , 𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒/𝑐𝑦𝑐𝑙𝑒 , 𝑡𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡,  𝑡𝑐𝑦𝑐𝑙𝑒 are exposure time, exposure time per cycle, 
treatment time and time of one cycle respectively, all times are in min, V is the treated volume in 
L, Q is the flow rate through the recirculating nozzle in L/min.     
The direct exposure time per cycle is calculated using the projectile motion equation, Equation 30,  
where  𝑣𝑛𝑜𝑧𝑧𝑙𝑒 is the initial velocity exiting the water-bell nozzle in m/s; 𝑥 is the horizontal distance 
from the nozzle to the tank side in m, and θ is the initial launch angle in radians; ℎ is the nozzle 
opening, the vertical spacing between the nozzle outlet and the capping disc;  𝑟𝑛  is the radius of 
the nozzle; 𝑎𝑛𝑑 𝑟𝐷  is the radius of the capping disc as illustrated in Figure 32.  
𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒/𝑐𝑦𝑐𝑙𝑒 = 
 𝑥 
𝑣𝑛𝑜𝑧𝑧𝑙𝑒 ∗  𝑐𝑜𝑠𝜃
 Equation 30 
𝑣𝑛𝑜𝑧𝑧𝑙𝑒 = 
𝑄
𝐴𝑛𝑜𝑧𝑧𝑙𝑒
= 
𝑄
 Π (𝑟𝐷 + 𝑟𝑛)√(𝑟𝐷 − 𝑟𝑛)2 + ℎ2   
 Equation 31 
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Figure 32: Water trajectory pathline 
From equations 27 – 31, it is clear that the exposure time is a function of number of exposure 
cycles and nozzle design. For a given recirculating flow rate, different nozzle openings (h)  were 
tested until the generated water film extended across the whole tank with an elongated water 
trajectory pathline before hitting the tank sides.  
The direct exposure time was evaluated for different volumes of treated water (3, 7 and 18 L) while 
the nozzle parameters were kept constant. The nozzle  𝑟𝐷 and 𝑟𝑛 were 55 and 30 mm respectively. 
During the 3 tests, h was 4 mm and θ was 12ᵒ. Phenol reduction for different treated volumes is 
shown in Figure 33 . The flow rate, total number of cycles, exposure time/cycle and exposure time 
are shown along with the achieved phenol reduction in Table 7.   
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Figure 33: Phenol reduction as a function of treated volume 
Table 7: Exposure time for different treated volumes 
treated volume L 3 7 18 
flow rate L/min 18.4 18.2 20.2 
time of 1 cycle s 9.8 23.1 53.4 
number of cycles/min 6.1 2.6 1.1 
total number of cycles 1471 623 270 
v nozzle m/s 0.17 0.17 0.19 
exposure time/ cycle s 1.315 1.330 1.195 
exposure time min 32.2 13.8 5.4 
exposure/treatment % 13.4 5.8 2.2 
Phenol reduction % 57 45 28 
Phenol degraded 
mg 34.4 63.1 100.4 
mg/L 11.4 9.1 5.6 
Phenol reduction increased with the direct exposure time as shown in Figure 34. Increasing 
exposure time is crucial for enhancing the photo-reactor performance.  
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Figure 34: Effect of exposure time on phenol reduction 
In an attempt to determine whether the degradation occurs in the thin film only or inside the tank 
as well, the degradation rate constant was calculated based on treatment time and direct exposure 
time. Degradation rate constants deducted from Figure 35 and Figure 36  are given in Table 8.   
 
Figure 35: Degradation rate constant based on treatment time 
 
69 
 
 
Figure 36: Degradation rate constant based on exposure time 
Table 8: Degradation rate constants based on treatment and exposure times  
Treated 
batch 
Direct exposure 
time 
Area of Illuminated 
water surface Kapp Kexposure 
min m2 hr -1 hr -1 
3L 32.2 0.034 0.21 1.566 
7L 13.8 0.068 0.138 2.352 
18 L 5.4 0.159 0.078 3.504 
Kapp based on treatment time increased as the direct exposure time increased, while Kexposure 
increased with decreasing direct exposure time. During these degradation tests, the average light 
intensity on the water thin film was 60 W/m2 while the average light intensity on the water surface 
on the tank was 20 W/m2. The area of the illuminated water surface in the tank increased as the 
water depth in the tank conical bottom increased. It can be deducted that degradation not only 
occurred due to illumination of the thin film but also inside the tank due to illumination of the 
water surface in the tank.  
The intensity of light on an illuminated surface ( I ) is a function of the power of the illumination 
source ( P ), and the distance between the power source and the illuminated surface ( d ) as given 
by Equation 32 [166].   
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𝐼 =  
𝑃
𝑑2
 
Equation 32 
The reactor performance is expected to be better under real sun conditions, since the light 
intensities on the surface of the water film and the water surface in the tank would be the same. 
The distance between the surface of the water film and the water surface in the tank is about 50 
cm. Unlike the used low power artificial light source whose light intensity significantly changes 
over this small distance, the solar light intensity does not change over this small distance. 
4.8 SWBP Performance Comparison with Other Slurry TiO2 Systems  
In order to evaluate the SWBP performance in degrading phenol, the reactor performance was 
compared against other photo-reactors employing slurry TiO2. Since water pH significantly 
impacts phenol degradation efficiency [188], [189]. Tests were conducted in the SWBP using tap 
water. The average pH was 8. Tests from the literature conducted at close pH values were included 
in the comparison.   
In order to quantitatively compare the performance of test trials from the literature with SWBP 
performance, two benchmarks are used: the apparent degradation rate constant and the reactor 
throughput. Table 9 presents the degradation rate and throughput for test trials found in the 
literature as well as for the water-bell photo-reactor. 
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Table 9: Degradation rate constant and reactor throughput for slurry TiO2 photo-reactors  
Reactor 
UV 
source 
 
Treated 
volume 
Initial 
Conc pH 
Treatment 
duration 
Reactor 
area T 
Control 
O2 Supply 
Removal Kapp Throughput 
Ref 
L mg/L hours m2  % hr-1 L/m2.hr 
 Pyrex glass 
cell a 
external  
15 W 
0.2 34 8 10 0.006 b 
Cooling 
bath 
Air pump 36 0.048 3.15 [190] 
Annular 
reactor 
internal 
400 W 
0.85 34 8 2 NA 
Cooling 
bath 
micro-air 
compressor 
51 NA 
could not be 
calculated 
[191] 
Shallow 
tank 
external  
125 W 
0.9 50 6.5 2.5 0.484 
Cooling 
fan 
Air pump 26 0.078 0.74 [183] 
Helical 
reactor 
internal 
400 W 
3 25 7 6 NA 
External 
cooling 
system 
air 
compressor 
56 0.168 c 
could not be 
calculated 
[192] 
CPC sun 4 100 8.8 2.5d 0.360 e -  
Mechanical 
stirring of the 
water in 
recirculating 
tank 
65 0.378 c 4.44 [193] 
Water-bell 
external 
60 W 
3 25 8.3 4 0.159 
- 
Passive 
oxygenation 
64 0.252 4.72 
current 
study 
sun 7 20 8.3 4 0.159 56 0.21 11.01 
NA not avaialble 
a magnetically stirred 
b estimated based on Pyrex cells commercial dimensions 
c calculated from concentration profiles 
d t30W 
e not including area of recirculating tank 
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An insight on the design merits of the SWBP and efficiency could be clearly demonstrated. The 
water-bell reactor had the highest throughput. No external recirculation tank was needed. The 
water-bell has a relatively high degradation rate constant. Meanwhile, all the aforementioned 
reactors needed purging the reaction solution with air, the water-bell has the merit of passive 
oxygenation. No temperature control was needed for the water-bell reactor. The system complexity 
and operating cost associated with supplying air to the reaction solution and cooling are totally 
eliminated in the water-bell reactor.  
Photo-reactors employing an internal UV illumination source cannot be applied to benefit from 
solar radiation. Using solar light renders the treatment more economic [194]. In addition to high 
energy consumption, UV lamps have limited life [23], their replacement incurs a high maintenance 
and operation cost.  The water-bell photo-reactor is designed to use sunlight aiming to decrease 
the treatment energy footprint as well as the operating cost. SWBP does not include any transparent 
walls or parts for radiation transmittance that: experience problems of filming; are prone to 
breakage risks and UV solarization; and pose limit on the reactor size. All these design merits 
render the water-bell reactor the most promising reactor configuration for scale-up and 
commercialization. 
4.9 Inferences from SWBP Testing  
Testing the SWBP aimed to understand the factors affecting the treatment efficiency and find 
possible ways for enhancing the reactor performance. The photo-reactor has the merit of using 
high catalyst loading to allow for faster degradation rates while maintaining high DO near 
saturation levels. The photo-reactor is capable of treating relatively large volumes of wastewater, 
as the size of the pilot reactor can be increased while maintaining the favorable hydraulic 
conditions for enhanced photocatalysis.  
The extent of phenol degradation achieved depends on the used process parameters. In spite of 
conducting the treatment tests at alkaline pH which is unfavorable for photocatalytic degradation 
of phenol, high phenol degradation rates were achieved by optimizing the process parameters. 
Increasing the exposure time is crucial for enhancing the reactor performance. The results from 
the SWBP testing were satisfactory to proceed with the next step of the photo-reactor 
development by incorporating immobilized TiO2 on high density grains.  
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Chapter V 
 Immobilized TiO2 Water-bell Photo-reactor  
5.1 Selection of TiO2 Immobilization method  
Many techniques have been investigated for the immobilization of TiO2 nanoparticles on various 
supports. Slurry deposition was used to coat coastal sand dunes [158] and quartz sand of 300 
micron particle diameter [77] and silica gel of 250-500 micron particle diameter [134]. TiO2 was 
added to an aqueous or alcoholic suspension of sand, and after mixing for few minutes the sand 
was filtered, dried and calcined. Although slurry deposition is simple, the produced TiO2 coatings 
lacked sufficient mechanical integrity and were prone to rapid attrition [139], [195]. 
Dip coating in prepared sols was used to coat : micro-ceramic balloons of 700 microns particle 
diameter [138], 6 mm glass spheres [133], [196], and volcanic porous stones having an average 
diameter of 1 cm [97]. The prepared sol was poured in a beaker containing the substrates, the sol 
was then drained. Coated substrates were dried and heat-treated. This simple procedure is suitable 
for coating various types and shapes of supports [197]. However, there is a need to ensure that 
points of contact between support particles are well coated in order to avoid the presence of 
uncoated regions [196]. 
Direct immobilization of TiO2 using sol-gel on quartz, zircon and rutile sand particles having an 
average particle size of 250, 120 and 100 micron, was conducted by gradual addition of sand to a 
rapidly stirred titanium alkoxide/alcohol solution. Sol was formed upon the dropwise addition of 
water. The coated sand was then dried and fired [159].  
Sand having an average particle size of 165 microns (fraction having particle size ranging from 
150-180 microns) was selected as a support for TiO2 in the proposed water-bell photo-reactor. 
Direct immobilization of TiO2 using sol-gel on sand was selected to ensure a uniform coating on 
all the sand particles. Sol-gel method has the advantages of producing homogeneous films, easy 
control of factors determining the film properties including porosity, surface area and composition 
(multicomponent, multiple layers). In addition to low processing and low sintering temperatures 
[139], [97]. 
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5.2 Immobilization Procedure 
A solution of titanium tetra isopropoxide (TTIP) and isopropanol was stirred for 5 min. Sand was 
added gradually to the solution and rapidly stirred for 5 min. Dropwise addition of water was 
conducted over 10 min. Stirring was maintained for another 5 min. Coated sand was dried in a 
muffle furnace temperature at 120C, and the temperature was then increased to 500C and held 
at 500C for 1 hour. The furnace was naturally cooled down to room temperature. 
5.3 Photo-catalyst Characterization 
Scanning electron microscope (SEM) and energy dispersive X-ray (EDX) (Inca X-sight, Oxford 
Instruments) were used to confirm the presence of TiO2 on the coated sand. X-ray fluorescence 
(XRF) spectrometer (Pananlytical Axiom max) was used for the elemental analysis. The sequential 
XRF was operated at a voltage of 60 V and current of 66 mA, θ from 13 to 147 using a step of 
0.01 per min.  Crystallite phase and crystal size of TiO2 nanoparticles were determined from X-
ray diffraction (XRD) patterns. X-ray powder diffractometer (Bruker D8) was operated using 
CuKα radiation (0.15418nm) at voltage of 40 V and current 30 mA, 2θ from 10 to 80 using a 
step of 0.03 and step time of 1s.  
N2 sorption analysis at -196C using ASAP 2020 analyzer (Micromeritics Instrument Corporation) 
was used to determine specific surface area, average pore size and pore size distribution. The 
samples were pretreated by applying vacuum at 40C for 4 hours. The adsorption and desorption 
isotherms were recorded using 53-point pressure tables with 20-s equilibrium intervals.  
5.4 Selection of Parameters for Sol-gel Synthesis  
When using TiO2 anchored on supports as a photo-catalyst, the synthesis process aim at achieving 
good photocatalytic activity and mechanical stability. Parameters affecting film properties include 
precursor type and concentration, water/precursor molar ratio, solvent type and molar ratio, sol 
pH, drying and sintering temperature, presence and size of solid particles dispersed in the sol. Film 
hardness and adhesion are a function of the heat treatment [197].  
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5.4.1 Pretreatment of Support 
Different pretreatment procedures were reported in the literature. Some had the purpose of 
cleaning the support, others were done for enhancing TiO2 adhesion to the support surface. 
Cleaning procedures were as simple as washing sand particles three times with acetone [77] or 
ultrasonically cleaning sand particles in acetone and ethanol successively then drying at 110C 
[159]. In another study, white pebbles were washed then leached in EDTA solution for 12 hours 
using a mechanical shaker followed by rinsing and drying at 80C  [123].  For adhesion 
enhancement, volcanic porous stones [97] and black sand [63] were washed, dried and coated with 
a rough silica layer. In another study, silica gel was immersed in a diluted ammonia solution for 2 
hours then dried at 100C [73]. The concentration of hydroxyl groups bonded to the support 
surface enhance the catalyst dispersion on it [198]. Immersion in diluted ammonia solution was 
the chosen pretreatment for the sand. 
5.4.2 Titanium Alkoxide Type 
Nanoparticles synthesized from TTIP were more photoactive than nanoparticles synthesized from 
titanium tetra butoxide (TTB) for degradation of C.I. Acid Red 27 dye. Nanoparticles synthesized 
from TTIP contained 95% anatase and 5% rutile. Nanoparticles synthesized from TBT were 100% 
anatase [98]. The presence of 5% rutile acted as a structural defect or impurity that delayed electron 
hole recombination thus enhanced TiO2 photoactivity. TTIP was selected as the titanium precursor 
for the sol-gel synthesis process. 
5.4.3 Alcohol Type 
It is desirable to control the hydrolysis and condensation rates to favor the production of small 
colloidal clusters and prevent particle growth. The use of branched alkoxides as isopropoxide 
reduces the hydrolysis and condensation rates and promotes the formation of small colloidal 
clusters with a narrow particle size distribution [99]. Methanol has high polarity and reactivity 
leading to the occurrence of accelerated hydrolysis and condensation reactions [98]. Isopropanol 
was the chosen alcohol to be used in the sol-gel synthesis process. 
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5.4.4 Titanium Alkoxide Amount 
A set of experiments was conducted to determine the optimum alkoxide amount. TTIP equivalent 
to 20, 35, 50 and 75 weight % of the sand was used. Molar ratios of TTIP: water: isopropanol were 
1:4:30. Coated sand after drying and firing at 500C for 1 hour is shown in Figure 37. As the weight 
of TTIP used in the sol preparation increased, TiO2 agglomerates were formed. These TiO2 
agglomerates pose two problems: 1) they are a loss of raw material, decreasing the efficiency of 
the immobilization process, 2) they should be removed from the catalyst before being applied in 
water treatment, since agglomerates will not be easily recovered after treatment ends.  
 
Figure 37: Weight of TTIP as a percentage of sand weight  
The coated sand was washed and dried before analyzing its elemental composition. XRF analysis 
showed that TiO2 weight % on the coated sand was 3.04 and 3.45 when using TTIP weight of 20 
and 50%.  Titanium recovery in the two cases was found to be 34 and 16% respectively. 
Calculations for titanium recovery are included in Annex V. The marginal increase of TiO2 
immobilized on the sand particles when increasing the TTIP amount does not justify the great loss 
in titanium recovery. A limited amount of alkoxide equivalent to 10% of the sand weight was used 
to avoid the formation of TiO2 agglomerates.  
77 
 
5.4.5 Water Alkoxide Molar Ratio 
A sol is a suspension of particles less than 50 nm. A sol turns on a gel when the sol particles 
aggregate forming long chains of particles. Sol-gel synthesis pass through three stages: 1- 
hydrolysis, 2- condensation and polymerization, 3- particles growth [99]. The overall reaction is 
described by Equation 33. 
𝑀(𝑂𝑅)𝑛  +  
𝑛
2
 𝐻2𝑂 → 𝑀𝑂𝑛
2 
+ 𝑛 𝑅𝑂𝐻 Equation 33 
Using TTIP, the stoichiometric molar ratio of water is 2 as shown by Equation 34 
𝑇𝑖(𝑂𝐶2𝐻6)4  +  2 𝐻2𝑂 → 𝑇𝑖𝑂2 + 4 𝐶2𝐻6𝑂𝐻 Equation 34   
The crystal size can be controlled by adjusting the amount of water available for hydrolysis [196]. 
Increasing the molar ratio of water to titanium alkoxide reduces the titania crystal size. In a study 
using a water alkoxide molar ratio of 3.3, 10 and 165, the produced nanoparticles had a diameter 
of 82, 57 and 20 nm respectively. A high water alkoxide molar ratio favors nucleation over particle 
growth thus a uniform particle size with a narrow particle size distribution can be obtained [99]. It 
is desirable to have a small crystallite size since the rate of generation of the electron hole pair is 
a function of the TiO2 radius [77]. 
Experiments were conducted using a water molar ratio of 4 and 10, TTIP : isopropanol ratio was 
1:30. XRD spectra shown in Figure 38 were used to calculate the nanoparticles crystallite size. 
The crystal size was calculated using the Scherrer equation [199], based on half-peak width as 
illustrated by Equation 35. 
𝐿 =
𝑘 𝜆
𝛽 cos 𝜃
 
Equation 35 
where k equals 0.9, β is the full width at half the maximum peak in radians, θ is the Bragg angle 
and λ is the radiation wavelength (Cu kα = 0.15418 nm). Using a water alkoxide molar ratio of 4 
and 10 led to the production of titania crystallites having a size of 14.6 nm and 13.4 nm respectively 
after drying and calcination at 500ᵒc for one hour. Detailed crystallite size calculation is included 
in Annex VI.  
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Figure 38: XRD spectra for nanoparticles synthesized with water molar ratio a) 4, and  b) 
10, using TTIP : isopropanol 1:30 and calcined at 500ᵒc for 1 hour 
The obtained crystallite size for the 4 and 10 hydrolysis ratios are comparable as reflected by their 
XRD spectra. The hydrolysis ratio of 10 was used. When using a moderate hydrolysis ratio, the 
hydrolysis rate is high, the excess water do not favor the development of closely packed Ti – O – 
Ti chains that lead to gel formation in the contrary excess water favors the formation of Ti-OH 
species that are loosely packed [200]. 
5.4.6 Alcohol Alkoxide Molar Ratio 
There is a large variation of the alcohol alkoxide molar ratio used in the synthesis process. For 
preparation of sols used in dip coating/spin coating, or direct immobilization of TiO2 on supports, 
alcohol alkoxide molar ratio vary widely from 5 up to 62.5 [97], [139], [196], [76], [177], [201]. 
a 
b 
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The Alcohol alkoxide molar ratio effects the properties of the film. Films synthesized with a high 
alcohol molar ratio have higher porosity due to the evaporation of alcohol during the drying 
process.  
For coating sand particles, TTIP equivalent to 10% of the sand weight and a hydrolysis ratio of 10 
were used. The volume of the reaction solution needed to be at least twice the volume of sand to 
allow for efficient stirring of the sand dispersion. Three alcohol alkoxide molar ratio were used: 
25, 30 & 35. For an alcohol alkoxide molar ratio of 25, sand gel matrix was formed as shown in 
Figure 39a. For a molar ratio of 30, a gel layer was formed on top of the sand after the mixing 
ended as shown in Figure 39b. At molar ratios above 35, a sol was easily separated from the coated 
sand as shown in Figure 39c.  
 
Sand gel matrix 
 
Gel on top of sand 
 
Easily separated sol 
Figure 39: Alcohol alkoxide molar ratio of 25, 30 and 35 
Sand gel matrix formation was avoided. If sand gel matrix was formed, longer heat requirement 
for drying the coated sand was needed, and the used alcohol was lost by evaporation. Minimizing 
the process energy requirements and associated air emissions would result in a more sustainable 
immobilization technique.  
5.4.7 Aging and Drying 
Thermal drying is mostly adopted for sol drying [98]. Aging is a slow process that causes 
macroscopic or microscopic changes in the formed solid due to modifications in the crystal type 
and size. In a study, it was found that aging at a temperature below 70C for six hours lead to rutile 
formation while aging at a temperature higher than 70C lead to anatase formation [99].  
a b c 
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In order to evaluate the effect of aging, experiments were conducted using a water alkoxide molar 
ratio of 10, TTIP : isopropanol ratio was 1:25. Sol was either aged at 80C for 24 hours prior to 
drying or directly dried for 2 hours. The dried nanoparticles were then calcined at 450C for 1 
hour. Nanoparticles aged for 24 hours had a crystallite size of 12.4 nm and phase composition of 
75.7% anatase and 24.3% rutile. Nanoparticles synthesized at similar conditions without aging had 
comparable crystallite size and phase composition (crystallite size of 11.5 nm, 77% anatase and 
23% rutile). Detailed crystallite size calculation is included in Annex VII. No aging was conducted 
for the synthesis process. 
5.4.8 Calcination Time and Temperature 
Amorphous TiO2 transforms to anatase at a temperature of 400C. Anatase transforms to rutile at 
a temperature of 600C. in a study, on calcining sol-gel synthesized nanoparticles at 350, 450 and 
750 C for 3 hours, nanoparticles calcined at 350C were amorphous, nanoparticles calcined at 
450C had 95% anatase while those calcined at 750C were 100% rutile [98].  
Increasing calcination temperature impairs the photocatalytic activity not only due to transforming 
the metastable anatase into the stable rutile phase [159], but also due to increasing of particle size 
and reduction of surface area, shrinking of agglomerates and reducing of fine pores size [139]. 
Calcination time varies widely in literature from half an hour up to 10 hours [158], [196], [77], 
[139], [97], [138], [133], [176], [97].  Heating up rate also varies from 35C /hr [138], up to 360 
C /hr [139].  
XRD patterns for synthesized nanoparticles shown in Figure 38a, were used for determining the 
phase content. The phase content was calculated using the Spurr-Myers equation [202]: 
𝑅𝑢𝑡𝑖𝑙𝑒 𝑝ℎ𝑎𝑠𝑒 % =
100
1 + 0.8 (
𝐼𝐴
𝐼𝑅
)
 
Equation 36 
where 𝐼𝐴 and 𝐼𝑅 are the intensity of the strongest diffraction peaks of anatase (101) and rutile (110) 
respectively. The strongest peaks of TiO2 corresponding to anatase (101), 2θ =25.28 and rutile 
(110), 2θ =54.23 were used. The TiO2 nanoparticles composed of 78% anatase and 22% rutile. 
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The N2 Adsorption and desorption isotherms for the immobilized TiO2 on the sand grains shown 
in Figure 40 reveals a type IV isotherm characteristic to mesoporous solids [203]. The isotherm 
shows Type H4 hysteresis loop indicating the presence of narrow slit-like pores [204]. BET 
specific surface area was 3.38 m2/g.   
 
Figure 40: Adsorption/ desorption isotherm 
The pore size distribution shown in Figure 41 was determined by BJH method using the adsorption 
isotherm.  The pore size distribution shows a bimodal pore size distribution of micropores (smaller 
than 2 nm) and mesopores (ranging from 2 nm to 50 nm). Almost no macropores (larger than 50 
nm) were found. The average pore size determined by BJH adsorption was 10.7 nm. Formation of 
macropores and large mesopores increase the mass transfer of the contaminants in the large pore 
channels [197].  
 
Figure 41: Pore size distribution 
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The adsorption/desorption isotherms and the pore size distribution confirms that the immobilized 
TiO2 film on the sand support is porous however the low surface area was attributed to the non-
porous nature of the sand particles where TiO2 was only deposited as a thin film on the sand 
surface. 
5.4.9 Sol pH  
In a study investigating the effect of TiO2 particle size on phenol degradation, 50 mL of water 
containing 100 mg/L phenol were degraded at an apparent degradation rate constants of 0.48 and 
0.138 hr-1 when using TiO2 of particles sizes 10 and 32 nm respectively [205]. A higher degradation 
rate was achieved with smaller particles. Lowering the sol pH can lead to the production of titania 
particles with reduced sizes. The presence of acid increases the hydrolysis rate and prevents 
particle growth. It also prevents particles agglomeration. TiO2 isoelectronic point lies between pH 
of 5 -7. In an acidic medium, the surface charges keep particles in dispersion by electrostatic 
repulsion [99].  
In a study, the effect of HCl addition was investigated using a water : alkoxide molar ratio of 165 
and a TTIP: HCl molar ratio of 0.54.  Titania crystals of 14 and 20 nm after sintering at 450C 
were produced with and without acid addition respectively [99]. HCl was not incorporated in the 
immobilization procedure since the produced nanoparticles without acid addition are sufficiently 
small for the intended catalytic use. 
5.5 TiO2 Nanoparticles Preparation 
TiO2 nanoparticles were prepared using a sol-gel technique where water is added drop by drop to 
a rapidly stirred mixture of TTIP and isopropanol. The molar ratio of TTIP: isopropanol: water 
was 1:25:10. After 15 min of rapid stirring, the resulting sol was filtered using Whatmann filter 
papers (Grade 1, pore size 11 micron). The nanoparticles were rinsed with deionized water. 
Rinsing was conducted to avoid nanoparticles blackening during subsequent calcination step. The 
nanoparticles were dried in a muffle furnace. Drying was conducted first at 80C for 1 hour to 
avoid bloating, then drying was continued at 120C for another 1 hour. The muffle furnace 
temperature was gradually raised at a rate of 2C /min from 120C to 450C. The dried TiO2 
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powder was calcined at 450C for 1 hour. The furnace was naturally cooled down to room 
temperature. The TiO2 aggregates formed during drying were then manually crushed using a 
porcelain pestle and mortar.  
5.5.1 TiO2 Nanoparticles Characterization 
XRD diffraction pattern for the lab-synthesized TiO2 nanoparticles, shown in Figure 42, was used 
for calculating the crystallite size as well as the phase content. The crystal size was calculated 
using the Scherrer equation (Equation 35). The crystal size was found to be 11.5 nm. The phase 
content was calculated using the Spurr-Myers equation (Equation 36). The TiO2 nanoparticles 
composed of 77% anatase and 23% rutile after sintering at 450C for 1 hour.  
SEM analysis was conducted at a voltage of 6 kV and a working distance of 3.1 mm and a 
magnification of 24 kX. The SEM revealed the presence of agglomerates that vary widely in shape 
and size. N2 sorption analysis revealed that BET specific surface area was 142.5 m
2/g.   
 
Figure 42: XRD spectra for lab-synthesized nanoparticles, calcined at 450ᵒc for 1 hour 
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Figure 43: SEM for lab-synthesized nanoparticles, calcined at 450ᵒc for 1 hour 
5.6 Adopted Immobilization Technique    
The following procedure was used to prepare batches of 350 gm of coated sand. The 
immobilization technique is illustrated in Figure 44. Sand was pretreated by ammonia solution. 
Sand was rinsed with water then agitated in an aqueous ammonia solution for 2 hours. The sand 
was dried at 120C for 2 hours. TTIP equivalent to 10% of the sand weight was used.  
A solution of TTIP and isopropanol is stirred using a mechanical stirrer for 5 min. Molar ratio of 
TTIP : isopropanol was 1:35. An alcohol alkoxide molar ratio of 35 used to avoid local excess of 
precursor and associated gel formation thus ensuring reduced drying time and allow for sol 
recovery. 
Sand was gradually added to the solution and rapidly stirred for 5 min at 300 rpm. A water alkoxide 
molar ratio of 10 was used. Dropwise addition of water was conducted. Due to the large reaction 
solution, no water dilution with alcohol was needed. Stirring was maintained for another 5 min. 
The sol was filtered. The coated sand was dried, then sintered in a furnace on a wide tray to avoid 
entrapment of alcohol that would ignite during the sintering processes. The furnace temperature 
was held at 120C for 2 hours then temperature was increased to 500C and held at 500C for 1 
hour. The furnace was naturally cooled down to room temperature.  
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Figure 44: Schematic flow chart for immobilization technique 
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During the synthesis process, three forms of TiO2 could be produced: 1) TiO2 agglomerates, 2) 
loosely adsorbed TiO2 on the support surface, 3) well attached TiO2 to the sand surface. [63]. 
Formation of TiO2 agglomerates was avoided by using a limited amount of alkoxide. The high 
alcohol alkoxide molar ratio and the high water alkoxide molar ratio avoided local excess of 
alkoxide thus favoring nucleation over particle growth. Washing under vigorous stirring was 
conducted to remove loosely bound TiO2. The coated sand was then dried yielding the desired 
photo-catalyst. The coating/heating cycle was repeated two times to produce the desired photo-
catalyst. 
5.7 Immobilized TiO2 Preparation 
TiO2 was immobilized on sand grains for use in the immobilized water-bell photo-reactor (IWBP) 
attempting two different methods: (1) direct immobilization on sand grains using the sol-gel 
technique as detailed in section 0, the resulting TiO2-sand composite is referred to as TSC; (2) 
coating the sand grains with TiO2/epoxy mixture, the resulting epoxy TiO2 sand particles are 
referred to as E-TSP. 
5.7.1 Immobilization Using Epoxy Coating 
EUXIT 50 is a solvent free, non-pigmented, commercial epoxy coating. It is a trademark of 
SwissChem (Egyptian Swiss Chemical Industries Company). It is prepared by mixing two 
components: EUXIT-I, an epoxy resin, and EUXIT-II, a formulated amine hardener. The mix ratio 
of the resin and hardener is 3:1 by weight. To allow for a higher TiO2 loading on the sand, sand 
fraction having particle size ranging from 63-88 microns (passing sieve 170 and retained on sieve 
230) was selected as a support for TiO2 immobilization. 
Lab-synthesized TiO2 was added to EUXIT-I and thoroughly mixed using a magnetic stirrer for 
15 min.  EUXIT-II was added to the TiO2 epoxy resin mixture, and quickly mixed with a spatula. 
The mixture was immediately added to the sand and thoroughly mixed by hand to have a 
homogeneous mixture. The weight of the epoxy coating was 15% of the sand weight. TiO2 was 
added as 25 weight % of the epoxy coating. The TiO2-epoxy sand particles had TiO2 weight 
percent of 3%. The coated sand particles were left to dry at room temperature for 24 hours. For 
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this sand fraction having an average particle size of 75 microns, this small amount of epoxy is just 
enough to wet the sand particles. After drying the formed agglomerates are easy to break into free 
flowing particles using a porcelain pestle and mortar. The particles were then sieved again. The 
resulting TiO2-epoxy sand particles are referred to as E-TSP  
5.7.2 E-TSP Characterization 
E-TSP was gold sputtered for 120 seconds at a current of 10 mA using Hummer 8 sputtering 
system prior to SEM analysis.  Film microstructure was investigated by SEM at a voltage of 6 
kV and a working distance of 3 mm and a magnification of 356X.Figure 45.a shows discrete 
sand particles. The TiO2/epoxy coating was free of any cracks. EDX spectrum shown in Figure 
45.b confirms the presence of TiO2 in the epoxy matrix.  
 
 
 
Figure 45: E-TSP: a) SEM , b) EDX 
 
   
a 
b 
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5.8 IWBP Photocatalytic Degradation Tests 
5.8.1 Experimental Procedure 
Photocatalytic degradation tests were carried in the immobilized water-bell photo-reactor (IWBP) 
in a recirculating batch mode. Photocatalytic tests were planned to assess the phenol degradation 
achieved and immobilized TiO2 resistance to abrasion. Same experimental procedure as detailed 
in section 4.1 was used. Additionally, turbidity was measured using a direct-reading 
spectrophotometer (Hach, DR/2000). For the degradation tests carried using E-TSP, the 
commercial peripheral pump was replaced with a commercial centrifugal pump with a single open- 
impeller. Open-impeller centrifugal pumps are suitable for liquids having high content of solids. 
The used peripheral and centrifugal pumps are shown in Figure 46.  
  
Figure 46: a) Peripheral pump, b) open-impeller centrifugal pump 
5.8.2 IWBP Degradation Test Results 
On using TSC  loading of 10 g/L and 20 g/L, resulting in 140 and 275 mg/L of TiO2 in the system 
respectively, limited phenol reduction was achieved due to the low concentration of TiO2 in the 
system. However, the profound problem was the drastic increase in water turbidity. Abrasion of 
the catalyst was observed as shown in Figure 47a.  After a while, TiO2 settled as shown in Figure 
47b.  
a b 
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Figure 47: Treated water after: a) taking the sample, b) settling 
TiO2 immobilized by sol-gel has mostly been used for water treatment in tubular packed bed 
reactors [134] , [97], [133], flat packed bed [159] and pebble bed [123] where low laminar flow 
conditions prevailed. Few supported TiO2 were used as fluidized bed [138]. Flow of photo-catalyst 
through the recirculating pump was only tested in a recirculating shallow tank reactor. The used 
photospheres 40 were completely damaged after 3 treatment cycles. The damage of the 
photospheres 40 was attributed to their fragile nature [117].  
On using E-TSP loading of 20 g/L, resulting in 750 mg/L of TiO2 in the system, 19% phenol 
degradation was achieved. However, the drastic increase in water turbidity was still encountered 
as shown in Figure 48. Replacing the peripheral pump with the centrifugal pump did not prevent 
the photo-catalyst abrasion and turbidity increase.     
  
Figure 48: E-TSP Photocatalytic activity tests: a) phenol & DO concentration, 
 b) turbidity & temperature 
a b 
a b 
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5.9 Inferences from IWBP Testing  
Robust bonding between the support and TiO2 is crucial for long-term application to avoid TiO2 
loss as well as water secondary contamination with TiO2 nanoparticles. The proposed reactor 
configuration using sand as a support for TiO2 immobilization did not meet the process 
requirement of having a stable photo-catalyst resistant to abrasion. Two routes for modifications 
were proposed: 
Route 1: Formulation of a new TiO2 composite resistant to abrasion at high friction forces 
induced by the pump high-speed rotating impeller.  
Route 2: Use of positive displacement pumps with no internal moving parts that can handle 
liquids with fragile solids such that abrasion of the photo-catalyst does not occur. 
However, both of those two routes would incur cost implications that might render the developed 
treatment unit not cost-effective. In an attempt to fulfil the objective of developing a simple 
cheap treatment unit, the design of a new reactor configuration was attempted. 
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Chapter VI 
TiO2 Immobilized Tray Photo-reactor 
6.1 TiO2 immobilized Pilot-Scale Photocatalytic Reactor  
The strong mixing conditions and flow through the recirculating pump resulted in high abrasion 
of the photo-catalyst.  A new reactor configuration was needed to avoid the high friction of the 
photo-catalyst particles in the recirculating pump. The new reactor configuration should maintain 
fulfilling the photocatalytic process requirements of light penetration to activate the photo-catalyst, 
continuous oxygen supply by passive oxygenation, turbulent flow for efficient mass transfer and 
recirculation to avoid treatment dead zones.  
The basic revision in this 3rd photo-reactor is to retain the TiO2 immobilized on sand particles onto 
a tray that replaces the free projectile water-sheet subject to UV light. A revised pilot-scale TiO2 
Immobilized Tray pilot-scale photo-reactor (ITP) is illustrated in Figure 49.  
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Figure 49: Pilot-scale immobilized TiO2 tray photocatalytic reactor  
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The reactor is equipped with a tray having a diameter of 36 cm for supporting the immobilized 
TiO2. The tray is mounted on the tank edges. The reactor is operated in a recirculating mode. The 
water is withdrawn from the tank conical bottom, and pumped via the recirculation pump into the 
central vertical feeder that passes through the tray center. The vertical feeder terminates at its top 
with a capped nozzle. The capped nozzle concentrates the exiting water in a ring-shaped impact 
area around the vertical feeder. This spray pattern is intended to allow a radial flow of water along 
the tray.  
The tray side has 20 v-notch weirs, each weir with a width of 3.5 cm, and depth of 3 cm. Weirs 
are 2.5 cm apart from each other. The v-notch weirs maintain a controlled depth of water above 
the tray.  The recirculating flow rate is controlled such that the thickness of the water film over the 
supported catalyst does not hinder light penetration for efficient catalyst activation. Water falls off 
the tray into the water surface in the tank bottom, thus ensuring water oxygenation. The 
arrangement for UV-A radiation, components for water recirculation and flow measurement are 
the same as that described in section 3.6.   
6.2 Supported photo-catalyst preparation 
TiO2 was immobilized on sand grains attempting three different methods: (1) direct 
immobilization on sand grains using a sol-gel technique, the resulting TiO2-sand composite is 
referred to as TSC; (2) coating the sand grains with TiO2/cement grout, the resulting cement TiO2-
sand composite is referred to as C-TSC; and (3) binding TiO2 on sand surface with TiO2-epoxy 
coating, the resulting epoxy TiO2-sand composite is referred to as E-TSC. The Sand particles used 
were passing sieve 40 and retained on sieve 50, i.e having particle size of 300 to 420 micron.  For 
both of C-TSC and E-TSC, lab-synthesized TiO2 was used. The preparation procedure of these 
nanoparticles followed is detailed in section 5.5. The nanoparticles phase composition and particle 
size are included in section 5.5.1.  
6.2.1 Direct Immobilization of TiO2 Using Sol-Gel  
The sand layer used to cover the tray was coated with TiO2 using direct immobilization sol-gel as 
detailed in section 5.5 to ensure a uniform coating on all the sand particles. A second coating cycle 
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was conducted to increase the thickness of the immobilized TiO2 film on the already coated sand 
grains.  
6.2.2 Coating with TiO2-Cement Grout  
Coating concrete surface with TiO2 or incorporating TiO2 in the concrete mix is receiving interest 
for reduction of NOx and air pollutants [206], [207]. Coating concrete surfaces with TiO2 is also 
investigated for the decomposition of phenolic wastewater [208], [209]. In this research, TiO2 was 
mixed with cement to form a grout to cover the sand particles. 
Lab-synthesized TiO2 was mixed with cement with a weight ratio (TiO2 to cement) of 1:3. Water 
was added to the TiO2/cement mixture with a weight ratio of 1:1. The TiO2-cement grout was 
added to the sand and mixed thoroughly by hand to obtain homogeneous mixture. The weight ratio 
of TiO2/cement grout to sand was 1:10. For coating of 300 gm of sand, 7.5 gm of TiO2 and 22.5 
gm of cement were mixed with 30 gm water.  
The coated sand was left to dry at room temperature for 24 hours. C-TSC was washed with water 
to remove unattached TiO2 /cement particles. For covering the 0.1 m
2 tray, 300 g of sand was used 
for preparing the C-TSC composite, resulting in an approximate TiO2 loading of 75 gm/m
2 of tray 
area.  
6.2.3 Binding with TiO2/Epoxy Coating  
In the third method of immobilizing TiO2 immobilized on the sand, epoxy EUXIT 50 was used. 
The same procedure as detailed in section 5.7.1 was used. The weight of the epoxy coating was 
20% of the sand weight. TiO2 was added as 2.5, 5, 10 and 20 weight % of the epoxy mixture. The 
TiO2-epoxy sand composite had TiO2 weight percent of 0.38, 0.75, 1.5 and 3% respectively. For 
covering the 0.1 m2 tray, 350 gm of sand was used for preparing the E-TSC composite, resulting 
in a TiO2 loading of 17.5, 35, 70 and 140 gm/m
2 of tray area respectively.  
The coated sand was left to dry at room temperature for 24 hours. For this sand fraction having an 
average particle size of 360 microns, this amount of epoxy lead to the formation of an 
agglomerated epoxy sand composite. The resulting epoxy TiO2 sand composite is be referred to as 
E-TSC-X, where X indicates the TiO2 weight % in the epoxy coating.  
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6.3  Photo-catalysts Characterization 
All methods used for photo-catalysts characterization are detailed in section 5.3. 
6.4 ITP Photocatalytic Degradation Tests  
The performance of the ITP was assessed by conducting photocatalytic degradation tests similar 
to the testing of the slurry mode reactor in a recirculating batch mode. Photocatalytic tests were 
planned to assess the phenol degradation achieved and TiO2-sand composites resistance to 
abrasion. The same experimental procedure as detailed in section 4.1 was used.  
For tests conducted using TSC and C-TSC, sample filtration was conducted using 0.45 micron 
Whatmann syringe filters. For E-TSC samples, no filtration prior to phenol analysis was required. 
Additionally, turbidity was measured using a direct-reading spectrophotometer (Hach, DR/2000). 
TOC was measured using Phoenix 8000 UV-persulfate TOC analyzer following the EPA method 
#415.2 [181]. The detailed operational parameters and degradation results for some of the 
experimental runs are included in Annex VIII.    
6.5 Photo-catalysts Characterization Results 
6.5.1 TSC  
Films microstructure was investigated by scanning electron microscope (SEM) to confirm the 
presence of TiO2 on the sand surface. The analysis was conducted at a voltage of 6 kV and a 
working distance of 9.7 mm and a magnification of 17 kX. Figure 50 shows that the sand surface 
coated with TiO2 film. The coated surface was continuous with TiO2 agglomerates and visible 
cracks in the TiO2 film.  
95 
 
 
TSC 
 
 
Figure 50: SEM of TSC  
6.5.2 C-TSC 
Films microstructure was investigated by SEM at a voltage of 8 kV and a working distance of 3.5 
mm and a magnification of 939X. Figure 51.a shows that the surface is rough and continuous with 
agglomerates. EDX spectrum illustrated in Figure 51.b confirms the presence of TiO2 on the sand 
surface. 
 
C-TSC 
 
 
 
Figure 51: C-TSC : a)  SEM , b) EDX  
6.5.3 E-TSC 
Film microstructure was investigated by SEM at a voltage of 8 kV and a working distance of 3.5 
mm and a magnification of 939X. Figure 52.a shows that TiO2/epoxy coating was continuous and 
free of any cracks. Tiny droplets indicates that better mixing conditions were needed to attain 
a 
b 
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complete dispersion of TiO2 nanoparticles in the epoxy matrix. EDX spectrum shown in Figure 
52.b confirms the presence of TiO2 in the epoxy matrix. 
E-TSC 
 
 
Figure 52: E-TSC-5: a) SEM , b) EDX 
6.6 ITP Photocatalytic Degradation Tests Results  
The efficiency of the tray reactor for phenol degradation for the three-immobilization approaches 
was investigated by treating wastewater containing 25 mg/L phenol.  The treated batch wastewater 
had a volume of 3 liter, and it was recirculated at an average rate of 18 L/min, under a UV-A 
intensity of 60 W/m2. Figure 53.a shows the phenol degradation curves for TSC, C-TSC, and E-
TSC-10.  Figure 53.b shows levels of turbidity during the 4 hour treatment for the three-
immobilization methods. 
 
 
Figure 53: Photocatalytic activity tests: a) phenol concentration, b) turbidity 
a b 
a 
b 
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Analysis of variances (ANOVA) was conducted to test the hypothesis that the treatment means are 
equal. At a significant level of 95%, the P-value (0.008) was smaller than alpha (0.05), and Ftreatment 
( 9.35) > F0.05,2,8 (4.46) indicating that the treatment means by the three immobilization approaches 
are not equal. The detailed two-factor ANOVA analysis is included in Annex IX. 
As shown in Figure 53.a, when using TSC, limited phenol reduction of 9 % was achieved after 4 
hours of treatment. This can be attributed to the low TiO2 concentration in the system. The low 
TiO2 concentration on TSC could not be detected either by the EDX or from the XRD patterns. 
Multiple coating cycles were needed to increase the film thickness which is time consuming and 
an energy intensive process However, the major challenge is the catalyst abrasion. As seen in 
Figure 53.b, water turbidity increased from 25 FTU to 174 FTU after 4 hours of treatment 
indicating the TiO2 loss from the TSC surface.    
Sol-gel is widely adopted for TiO2 immobilization as it has the advantages of producing 
homogeneous films, ease of control of factors determining the film properties including porosity 
and surface area, purity and low sintering temperature [139].  Although TiO2 immobilization using 
sol-gel has been reported to successfully degrade organic pollutants in several studies [97], [40], 
[30], [133], [80], [176], yet all of these studies focused on the catalyst photocatalytic activity not 
the increased turbidity and the immobilization robustness [210]. The decreased photoactivity was 
noticed with repeated use and was attributed to loss of Photoactivity. 
The stability of the photo-catalyst and its resistance to abrasion is crucial for real large-scale 
application for water/wastewater treatment. Physical adhesion of TiO2 to sand provided by sol-gel 
method is not sufficient to prevent TiO2 abrasion. 
As shown in Figure 53.a, phenol degradation using C-TSC was 24%, higher than that achieved 
with the TSC. This can be attributed to the higher weight percent of TiO2 in the coating. TiO2 in 
the coating layer amounted to 12.5 % and 2 % of the total photo-catalyst weight. However, water 
turbidity drastically increased from 34 FTU to 461 FTU, as shown in Figure 53.b, as a result of 
the spalling of the TiO2 cement coat. The concrete abrasion resistance is proportional to its 
mechanical strength [211] . Inclusion of TiO2 nanoparticles into concrete enhance the mechanical 
properties up to a maximum limit. Further addition of higher TiO2 content deteriorates the 
mechanical strength [212]. This maximum limit differs according to the water to concrete ratio, 
TiO2 particle size, curing condition and curing age pozzolans type and content [213].   
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Phenol degradation attained while using E-TSC-10 was the highest reaching 34% while the 
turbidity increase from 32 FTU to 54 FTU was insignificant as shown in Figure 53. TiO2 
immobilization using epoxy has another advantage. In case of using TiO2 immobilized on sand 
either by sol-gel or cement grout, the water flow lead to the scour of sand from the center of the 
tray to the outer side, as shown in Figure 54 leading to a decreased exposure area. However, in 
case of epoxy bound TiO2, the photo-catalytic bed was not disturbed. 
 
 
Figure 54: Photo-catalyst bed after treatment: a) TSC, b) E-TSC 
The hydraulic residence time over the tray per cycle can be calculated using Equation 37. The total 
exposure time - the total hydraulic residence time over the tray - is calculated using Equation 40.  
 Equation 37 
 Equation 38 
 Equation 39 
 Equation 40 
where Vw-tank and Vw-tray are the volume of water in tank and tray respectively in liters, QR is the 
recirculation rate in L/min, ttray, is the hydraulic residence time on the tray per cycle, tcycle is the 
time of one recirculation cycle, texposure is the total hydraulic residence time and ttreatment is the 
treatment time or reactor residence time.  
a 
b 
𝑡𝑡𝑟𝑎𝑦  = 
𝑉𝑤−𝑡𝑟𝑎𝑦
𝑄𝑅
 
%𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒  = 
𝑡𝑡𝑟𝑎𝑦
𝑡𝑐𝑦𝑐𝑙𝑒
 
𝑡𝑐𝑦𝑐𝑙𝑒  = 
𝑉𝑤−𝑡𝑎𝑛𝑘
𝑄𝑅
 
𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒  = %𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒  * 𝑡𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡   
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For the treatment of a 3-liter batch at a recirculation rate of 18 L/min with a water depth of 10 mm 
over the 0.1 m2 tray, the residence time on tray per recirculation cycle was 3 s. For this case, the 
total time of one recirculation of the reactor content was 10 seconds which corresponds to 30% of 
the total treatment time.  
6.7 Optimization of TiO2 Loading on E-TSC  
Before optimizing the catalyst load, an adsorption study was conducted to test the phenol removal 
by adsorption on the E-TSC surface. Wastewater containing phenol was recirculated at similar 
flow rate in absence of light, and it was observed that the removal of phenol due to adsorption after 
4 hours was insignificant. 
To optimize the catalyst loading, 4 different TiO2 loadings in the epoxy coating were used: 2.5, 5, 
10 and 20%. The phenol degradation as a function of TiO2 loading in the epoxy coating is shown 
in Figure 55. 
 
Figure 55: Phenol degradation at different catalysis loading  
Analysis of variances (ANOVA) was conducted to test the hypotheses that the treatment means 
are equal. At a significant level of 95%, the P-value (0.0004) was smaller than alpha (0.05), and 
Ftreatment ( 13.3) > F0.05,3,12 (3.49) indicating that the treatment means due to TiO2 percentage in the 
epoxy coating are different. The detailed two-factor ANOVA analysis is included in Annex X.  
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Maximum removal occurred for 5% of TiO2 in the epoxy coating.  As the TiO2 concentration in 
the epoxy coating increased higher than 5%, the degradation efficiency decreased. Similar patterns 
were encountered [75], [67], [87] where the photocatalytic activity increased as the loading of TiO2 
on the support increased until a maximum is achieved. Further increase of the TiO2 loading on the 
support decreased the photocatalytic activity. This might be attributed to agglomeration of TiO2 
particles on the support surface. Agglomeration of TiO2 particles lead to a decrease of the surface 
area.  
Figure 56 shows the variation of phenol, TOC and DO concentrations, pH, and temperature over 
treatment time while using E-STC-5. Although DO levels were expected to decrease as the 
treatment proceeded due to its consumption during the degradation process, throughout all the 
runs, aeration was sufficient to keep DO levels around saturation level. TOC reduction proceeded 
at a lower rate than phenol degradation. This is in agreement with other researchers’ findings that 
phenol degradation byproducts need longer treatment times for complete mineralization [214], 
[138], [117] and [40].  
  
Figure 56: Variation over treatment time of: a) Phenol , TOC & DO , b) pH & temperature 
6.8 TiO2 Epoxy Film  
After the success of the E-TSC in degrading phenol without TiO2 abrasion, another technique of 
immobilization was tested where TiO2 was dispersed in the epoxy matrix. The epoxy was used as 
the TiO2 support.   
a 
b 
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6.8.1 TiO2 - Epoxy Film Preparation  
Lab-synthesized TiO2 was added to EUXIT-I and thoroughly mixed using a magnetic stirrer for 
15 min.  EUXIT-II was added to the TiO2 epoxy resin mixture and quickly mixed by a spatula and 
distributed on the tray. TiO2 was added as 5 weight % of the epoxy coating. 150 gm of epoxy were 
used to cover the tray resulting in a TiO2 loading of 75 gm/m
2 of tray area. 
6.8.2 TiO2 - Epoxy Film Degradation Tests   
The efficiency of the TiO2-epoxy film for phenol degradation was investigated by treating 
wastewater containing 25 mg/L phenol.  The treated batch wastewater had a volume of 3 liter, and 
it was recirculated at a rate of 17.5 L/min, under a UV-A intensity of 60 W/m2. The phenol 
degradation achieved using the TiO2-epoxy film was only 15% as compared to 45% achieved by 
E-TSC-5 under the same treatment conditions. The phenol degradation achieved using the TiO2-
epoxy film and E-TSC-5 is shown in Figure 57. The lower phenol degradation achieved by the 
TiO2-epoxy film was attributed to the loss of surface area. The epoxy film and E-TSC had BET 
specific surface area of 0.0027 and 0.0885 m2/g, respectively. The smooth TiO2-epoxy film had a 
lower surface area than the rough E-TSC. 
 
Figure 57: Phenol concentration achieved using TiO2-epoxy film & E-TSC-5 
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6.9 Degradation Kinetics 
The analysis of the degradation test results conducted using the E-TSC with different TiO2 
loadings showed that the degradation followed a second order degradation rate as illustrated by 
Equation 41 and Equation 42. A plot of 1/C against t was carried out, where C, Co and t are the 
pollutant concentration, initial concentration, and time respectively. The plot was linear with a 
slope of Kimm as shown in Figure 58. The values of Kimm and their corresponding coefficient of 
determination (R2 value) are shown in the figure as well.  
𝑟 =  − 
𝑑𝐶
𝑑𝑡
= 𝐾𝑖𝑚𝑚 𝐶
2 Equation 41 
1
𝐶
=  
1
𝐶𝑜
− 𝐾𝑖𝑚𝑚𝑡 Equation 42 
 
Figure 58:Degradation rate constants of phenol on E-TSC composites  
Degradation tests were carried for 8 hours with initial phenol concentrations of 25 and 50 mg/L 
using E-TSC-5. During long batch degradation tests, an average evaporation rate of 2.4 mL/min 
was encountered. Phenol concentration profile are shown in Figure 59. Phenol degradation 
followed second order rate as shown in Figure 60.a. The values of Kimm and their corresponding 
coefficient of determination (R2 value) are shown in the figure as well. Degradation rate constants 
were also calculated based on exposure time as shown in Figure 60.b. The values of Kexp and their 
corresponding coefficient of determination (R2 value) are shown in the figure as well. 
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Figure 59: Phenol reduction using E-TSC-5 
 
 
Figure 60: Phenol degradation rate constants using E-TSC-5 
a 
b 
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6.10 Continuous Flow Immobilized Tray photo-reactor 
The experimental set-up for the continuous flow ITP is shown in Figure 61. The tray photo-reactor 
was equipped with two peristaltic pumps (FH 15, Thermo Scientific) to work in a continuous 
mode.  The wastewater was continuously discharged into the reactor by the inlet pump. The water 
was withdrawn from the reactor just below the water level in the reactor on the opposite side of 
the inlet to avoid any short circuiting. The outflow was always equal to the inflow, thereby keeping 
the reactor effective volume (V) constant.  
 
Figure 61: Experimental set-up for continuous flow tray photo-reactor 
6.10.1 Continuous Flow Degradation Tests    
The tank was filled with 3 liters of wastewater containing 25 mg/L phenol, the influent and effluent 
flowrates were adjusted to 500 mL/hr. The treatment proceeded at a recirculation flow rate 20.7 
L/min under UV-A light intensity of 60 W/m2 using E-STC-5. An average evaporation rate of 1.5 
mL/min was encountered. Variation of phenol, DO and turbidity for the continuous operation 
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mode are shown in Figure 62. After 4 hours, phenol degradation exceeded 50%. Throughout the 
whole treatment duration, turbidity was insignificantly changed and Do levels remained constant.  
 
Figure 62: Variation of Phenol, DO & turbidity for continuous mode operation 
Euler’s method was used to model the concentration profile for the continuous operation mode. 
Concentration is calculated using Equation 43, where Ct is the concentration at time t in mg/L, 
while (
𝑑𝐶
𝑑𝑡
)
𝑡
 is the rate of degradation at time t. (
𝑑𝐶
𝑑𝑡
)
𝑡
 is calculated from the mass balance equation 
demonstrated by Equation 44, where Qin and Qo are the influent and effluent flow rates respectively 
in L/hr, V is the water volume in the tank in L, Kimm is the degradation rate constant obtained from 
the batch degradation tests in mgL-1hr-1. 
𝐶𝑡+∆𝑡 = (
𝑑𝐶
𝑑𝑡
)
𝑡
∗  ∆𝑡 + 𝐶𝑡   Equation 43 
(
dC
dt
)
t
= 
Q𝑖𝑛Cin 
V
−
Q𝑜Ct 
V
− KimmCt
2 Equation 44 
Figure 63.a illustrates the actual and theoretical phenol concentration profiles for the continuous 
mode operation. Figure 63.b illustrates the actual phenol concentration profile for the continuous 
mode operation and theoretical phenol concentration profile for the batch mode operation. 
Numerical values for theoretical concentration profiles are included in Annex XII. 
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Figure 63: Phenol concentration profiles a) actual & theoretical for continuous operation, 
and b) actual for continuous operation & theoretical for batch operation 
The theoretical concentration profile showed that steady state was reached after 6 hours of 
operation. Fluctuations around the steady state in the actual concentration profile could be 
attributed to the disturbances in the influent and effluent flow rates. Replacing the peristaltic pumps 
with dosing pumps would result in an efficient control of the influent and effluent flow rates. 
Figure 64 shows phenol and TOC reduction achieved during continuous flow using E-STC-5 for 
an influent/effluent of 550 mL/hr and water volume of 3.4 L. The treatment proceeded at a 
recirculation flow rate of 23.6 L/min under UV-A light intensity of 45 W/m2. An average 
evaporation rate of 2.4 mL/min was encountered. Steady state concentration of phenol was reached 
after 6 hours, where 65% degradation was achieved. Longer time for mineralization of phenol 
byproducts was needed. TOC reached steady state after 10 hours.     
a 
b 
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Figure 64: Reduction in Phenol & TOC  during continuous operation using E-TSC-5  
During long batch and continuous experiments, evaporation was noticed. During continuous 
operation under UV-A intensity of 60 W/m2 and recirculating flow rate of 20.7 L/min, evaporation 
rate was 1.5 mL/min. During continuous operation under UV-A intensity of 45 W/m2 and 
recirculating flow rate of 20.7 L/min, evaporation rate was 2.4 mL/min. This postulates that the 
evaporation rate is dependent on the recirculating flow rate not the UV intensity. In order to 
confirm this finding, a set of experiments were conducted using different recirculating flow rates 
under with no illumination was conducted as shown in Table 10. Figure 65 shows that evaporation 
increase with the recirculating flow rate. High recirculating flow rates need to be avoided in order 
to water loses by evaporation.   
Table 10: Effect of recirculating flow rate & UV intensity on evaporation rate 
Recirculating Flow rate UV-A intensity Evaporation rate 
L/min W/m2 mL/min 
20.7 58.7 1.5 
23.6 45 2.4 
25.5 60 3.3 
29.8 0 3.7 
33.5 0 5.0 
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Figure 65: Effect of recirculating flow rate on evaporation rate 
6.11 Photo-catalyst Multiple Use 
E-TSC-5 was used for the batch and continuous degradation tests for a total of 50 hours of 
operation as detailed in Annex XIII. At an average flow rate of 23 L/min, 1142 L of water were 
passed over the catalytic bed. No deactivation of catalyst, loss of efficiency or increase of turbidity 
were encountered.  
6.12 ITP Performance Comparison with Other immobilized TiO2 Systems  
The performance of the tray photo-reactor was compared with the performance of other photo-
reactors using immobilized TiO2. For the comparison of photo-reactors using immobilized TiO2, 
3 benchmarks are used: 1) the initial degradation rate, 2) the reactor throughput, and 3) the treated 
water turbidity. Initial degradation rate was used for this comparison since degradation on some 
of the supported catalysts followed first-order degradation model while others followed a second- 
order degradation model. Comparison of the degradation rate constants would not be possible in 
this case. Water turbidity was used as an indicator of the immobilized photo-catalyst stability and 
resistance to abrasion. Table 11 presents the initial degradation rate and reactor throughput for test 
trials using immobilized TiO2 from the literature as well as for the tray photo-reactor.  
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Table 11: Degradation rate constant and reactor throughput for immobilized TiO2 photo-reactors 
  
Reactor 
UV 
source 
Support & 
immobilization 
technique 
Treated 
volume 
Initial 
Conc 
Treat. 
duration 
Reactor 
area O2 
Supply 
Removal K (
𝒅𝑪
𝒅𝒕
)
𝒊
 
mg/L.hr 
Throughput 
Ref 
L mg/L hours m2  %  L/m2.hr 
Cascade 
reactor a 
external 
60 W  
concrete steps  
dispersion on 
epoxy layer 
NA 25 6 0.375 
air 
pump 
95 
0.426 
1st b 
10.65 
Could not be 
calculated 
[215] 
[216] 
Cylindrical 
batch c  
Internal 
125W 
porcelain 
photoactive tiles 
binding with 
silica-based 
compound,heat 
treatment at 680ᵒc 
1 25 6 na 
Mechan
ical  
stirring 
73 
0.0177 
2nd b 
11.06 
Could not be 
calculated 
[217] 
[218] 
Baffled 
shallow tank 
d 
sun 
glass sheet  
spraying and heat 
treatment at 450ᵒc 
138 
mL/hr 
0.94 continuous 0.0312 - 100 na na 4.42 [219] 
Fluidized 
bed shallow 
tank 
external 
30 W 
floating ceramic 
spheres 1 10 12 0.0375 - 100 
0.318 
1st b 
7.95 e  2.22 [138] 
Shallow tank 
external 
250 W 
inner/outer surface 
of quartz tubes 
dip coating 
3.5 40 5 0.075 - 38 
0.0907 
1st b 
2.27 e 9.33 [220] 
Tray photo-
reactor 
external 
60 W 
Sand  
Epoxy binder 
500 
mL/hr 
25 continuous 0.159 
Passive 
aeration 
65 
0.011f  
0.042g 
2nd  
6.56 
26.25 
 
3.46 
current 
study 
NA not available 
a water depth was limited to 4 mm, pH 7  
b calculated from concentration profiles 
c reactor temperature was controlled using a cooling jacket 
d glass strips were glued on the glass sheet to act as alternating vertical baffles to elongate the water path and residence time in the reactor. The size of allowable 
immobilization sheet was limited by the available firing oven 
e initial degradation rate was calculated for an initial concentration of 25 mg/L 
f based on total treatment time 
g based on exposure time 
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Although the ITP did not achieve the highest throughput or the highest initial degradation rate, the 
tray photo-reactor fulfil the very important requirement of photo-catalyst stability and resistance 
to abrasion. In all the other aforementioned photo-reactor test trials, turbidity variation as the 
treatment proceeded was not evaluated nor the stability of TiO2 on the support. Initial degradation 
rate for ITP based on the exposure time was the highest. Allowing a higher depth of water over 
the tray would result in a higher residence time on the tray and a higher exposure time. Maximizing 
the exposure time is crucial for enhancing the ITP performance.   
6.13 Inferences from ITP Testing  
Immobilization of TiO2 on sand particles using epoxy was successful in achieving the highest 
phenol degradation and resistance to abrasion in the ITP. This immobilization method is 
simple carried in room temperature. The ITP was successfully operated in a continuous flow 
mode. No deactivation or loss of photoactivity were noticed after successive degradation 
treatment cycles. The ITP was successful in meeting the desired process requirements.  
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Chapter VII 
Conclusions and Future Prospects 
7.1. Summary 
The design of TiO2 photocatalytic reactor is not a trivial process, since it involves the reaction 
solution, solid photo-catalyst, supply of oxygen and ultra-bandgap light. The photocatalytic 
degradation process requirements include: uniform light penetration to activate the photo-catalyst, 
a high recirculation rate to avoid dead zones in the reactor, a turbulent flow that enhances mass 
transfer between the pollutants and the photo-catalyst, high catalyst loading to allow for faster 
degradation rates, a constant supply of oxygen and simple catalyst separation after treatment.  
A thorough review of the literature revealed that commonly tested reactor configurations for TiO2 
photocatalysis suffer from limitations that hamper their scale-up and commercialization. These 
limitations might be attributed to high capital cost of use of UV transmissive walls or pipes. Use 
of UV transmissive components also pose a limitation on photo-reactor size and the associated risk 
of breakage. Other limitations might be related to high operating cost related to continuous supply 
of oxygen to reaction solution or consumption of oxidants that act as electron scavengers. There 
are also technical limitations associated with the use of immobilized catalysts. These technical 
limitations are either due to prevalence of laminar flow conditions resulting in slow degradation 
rates or due to difficulty of immobilization of photocatalyst on large surfaces efficiently and at a 
low cost. 
The research objective was to develop a tertiary wastewater treatment unit using TiO2 
photocatalysis that can be scaled-up for commercial use. The development started with the 
conceptual design for a continuous large scale treatment unit taking into account all the attributes 
for an efficient TiO2 photocatalytic process. The photo-reactor is based on generating a thin water 
film having dispersed photo-catalyst for efficient light penetration and passive aeration. Sand was 
selected as support for TiO2 immobilization as it cheap and abundant. A pilot model was developed 
for testing the reactor configuration adequacy. The prototype was modified until successful photo-
catalyst support recirculation in the reactor was achieved. 
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Testing of the prototype for phenol degradation in the slurry water-bell photoreactor (SWBP) was 
conducted using commercial TiO2 nanoparticles. The SWBP achieved satisfactory results, 
consequently the photo-reactor development process proceeded to incorporate the immobilized 
TiO2 on sand grains in the treatment process. 
Immobilizing TiO2 on sand grains for testing in the immobilized water-bell photoreactor (IWBP) 
was conducted by two methods; direct immobilization using sol gel, and binding with epoxy 
coating. Testing the IWBP was unsatisfactory. The proposed reactor configuration using 
recirculating sand as a support for TiO2 immobilization did not meet the process requirement of 
having a stable catalyst resistant to abrasion. In an attempt to fulfil the objective of developing a 
simple cheap treatment unit, the design of a new reactor configuration was attempted.  
The design of the immobilized tray photoreactor (ITP) was based on keeping the immobilized TiO2 
on a stationary mode while maintain fulfilling the photocatalytic process requirements of light 
penetration, continuous oxygen supply, turbulent flow and high recirculation rate. Three 
immobilization techniques were adopted for immobilizing TiO2 on sand grains for use in the ITP; 
1) direct immobilization using sol gel, 2) binding with cement grout, and 3) binding with epoxy 
coating. The ITP using epoxy-TiO2 sand composite was successful in meeting the desired process 
requirements of high degradation rates and photo-catalyst resistance to abrasion and stability over 
consecutive treatment cycles.  
7.2. Conclusion and Future Prospects 
7.2.1. Slurry Water-bell Photo-reactor 
 Phenol degradation achieved in the SWBP was not attributed to air stripping nor photolysis. 
Phenol degradation was attributed to photocatalytic degradation only. 
 The degradation rate was affected by the catalyst loading.  
o Rate of photo-degradation increased with increasing the catalyst loading until a maximum 
of 4 g/L was reached. 
o At higher catalyst loadings, the degradation rate decreased due to screening effects 
induced by the highly turbid suspension and the associated light scattering.  
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o The use of 4 gm/L catalyst loading has induced only small enhancement in the degradation 
rate over the 2 gm/L loading which makes it not cost-effective.  
o The SWBP was operated using an appropriate catalyst of 2 g/L.  
 Variation of light intensity from 60 to 90 W/m2 does not enhance the treatment efficiency.  
o High light intensity was not applied to avoid loss of photonic efficiency and unnecessary 
heating of the reaction solution. 
 Phenol photocatalytic degradation in the water-bell photoreactor fitted the first order reaction 
kinetic model. 
 Experiments were conducted at pH 8 which is more likely to resemble municipal wastewater 
pH. Although this pH is the least favorable pH for the TiO2 photocatalytic degradation of 
phenol, 64% phenol degradation was achieved in 4 hours.  
 The degradation efficiency of the reactor increased by 20% on the addition of 50 mg/L H2O2.  
 Throughout all the runs, aeration was sufficient to keep DO levels constant around saturation. 
 The maximum rise in temperature had an average of 3.2C which was much lower than 
temperature rise in other reactor configurations.  
o The small temperature rise associated with the passive aeration renders temperature 
control and additional cooling unnecessary for the SWBP.  
 Photo-reactor showed better degradation rate under sun conditions.  
o The rise in temperature was limited to 0.5C due to the natural air and prevailing wind 
conditions.  
o The water temperature started to decrease as the treatment continued towards the sunset.   
 The water-bell photoreactor has two distinctive times: residence time and direct exposure time 
of the thin water film to UV light. Phenol reduction increased with the direct exposure time. 
 Analysis of degradation rate constants based on residence time and exposure time showed that 
phenol degradation occurred due to both of direct exposure of the water thin film to radiation 
as well as exposure of the water surface inside the tank.  
 The performance of the SWBP was compared with other slurry photoreactors using two 
benchmarks: the degradation rate constant and the reactor throughput. 
o The water-bell reactor had the highest throughput and a relatively high degradation rate 
constant.  
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o Under sun conditions, the throughput was 11 L/m2.hr and the degradation rate constant was 
0.21 hr-1.  
 An insight on the design merits of the TiO2 water-bell reactor and efficiency could be clearly 
demonstrated. However, for the newly developed photo-reactor increasing the exposure time 
is crucial for enhancing the photoreactor performance.  
 The exposure time depends on the recirculation flow rate and the nozzle design.  
 An optimum recirculation flow rate is needed to maximize the exposure time, since:  
o Increasing the recirculation rate will increase the number of exposure cycles thus increasing 
the exposure time.  
o However, increasing the recirculation rate will increase the velocity of water existing the 
nozzle. The exposure time is inversely proportional to the velocity of the jet flow thus 
decreasing the exposure time. 
 Increasing the exposure time can be achieved by using a nozzle with a high initial launch angle 
will lead to a longer trajectory path-line.  
 Another possibility of increasing exposure time is using a double nozzle. Although the total 
flow exiting the 2 nozzles is the same, the exposed area will increase. 
7.2.2. Immobilized Water-bell Photo-reactor 
 Parameters for synthesis and immobilization of TiO2 using sol-gel has been adapted for a 
sustainable immobilization technique aiming to minimize the process energy requirements and 
associated air emissions.  
 TiO2 nanoparticles produced were adequate for the intended photocatalytic use. The TiO2 
nanoparticles had a particle size of 11 nm and 77% anatase phase content and a specific surface 
area of 142.5 m2/g.  
 The adopted sol-gel method has the advantages of proceeding at low processing and sintering 
temperatures using simple equipment. 
  Abrasion of the TiO2 immobilized by sol gel in the IWBP was encountered. The high friction 
forces induced by the peripheral pump lead to the photo-catalyst abrasion.  
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 Abrasion of TiO2 immobilized by epoxy on the sand particles was also encountered. The high 
friction forces induced by the rotating impeller of the centrifugal pump also lead to the photo-
catalyst abrasion.  
 A new photoreactor configuration was needed to avoid the high friction of the catalyst particles 
in the recirculating pump. 
 The IWBP has two additional distinctive advantages as a photo-reactor employing supporeted 
photo-catalyst: 
o The supported photo-catalyst is dispersed in the wastewater eliminating mass transfer 
limitations.     
o The IWBP has its settling compartment below the riser with a central hopper connected 
to the recirculating pump for easy separation of the photo-catalyst after treatment ends.  
 For developing the IWBP, there are two routes for research to avoid the TiO2 abrasion: 
o Using a recirculating pump with no internal moving parts. Positive displacement pumps 
can handle liquids with fragile solids such that abrasion of the photo-catalyst does not 
occur.  
o Developing a new TiO2 composite which is highly resistant to abrasion. Research might 
be conducted using Teflon as TiO2 support. Teflon has a high density (specific gravity of 
2.2), yet a higher cost than sand.   
7.2.3.  Immobilized Tray Photo-reactor   
 The design of the tray photoreactor was based on keeping the immobilized TiO2 in a stationary 
mode while maintain fulfilling the photocatalytic process requirements of light penetration, 
passive oxygenation, turbulent flow for efficient mass transfer and recirculation to avoid 
treatment dead zones. 
 The direct immobilization of TiO2 on sand (TSC) using sol-gel was not successful. Physical 
adhesion of TiO2 on the sand surface was not resistant to abrasion.  
 Immobilization of TiO2 using sol-gel requires multiple coating cycles to have an adequate TiO2 
loading on the sand rendering the process energy and time consuming without ensuring the 
prevention of abrasion. 
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 The abrasion resistance of the cement is adversely affected by the inclusion of TiO2 
nanoparticles which lead to a drastic increase of the treated water turbidity.  
 The immobilization of TiO2 on sand particles (E-TSC) using epoxy was successful in achieving 
the highest phenol degradation and resistance to abrasion. This immobilization method is 
simple carried in room temperature.  
 E-TSC had another operational advantage over TSC and C-TSC. The photo-catalyst bed was 
not disturbed by the flowing water. 
 Phenol degradation over E-TSC was due to photocatalytic degradation not adsorption.  
 E-TSC-5 had achieved the highest degradation efficiency where 45% of phenol was degraded 
in 4 hours.  
 TiO2 directly dispersed in the epoxy matrix achieved a lower phenol degradation. The smooth 
TiO2-epoxy film had a lower surface area of 0.0027 m
2/g, while the rough E-TSC had a surface 
area of 0.0885 m2/g. 
 The degradation using the E-TSC with different TiO2 loadings followed a second order 
degradation rate.  
 The ITP showed higher degradation rates for treating wastewater contaminated with higher 
initial concentration of phenol.  
o An initial degradation rate of 14.75 mg/L.hr can be achieved on treating wastewater 
contaminated with 50 mg/L of phenol as compared to 6.56 mg/L.hr on treating wastewater 
contaminated with 25 mg/L of phenol.     
 The ITP was successfully operated in a continuous flow mode. After reaching steady state, 
phenol degradation exceeded 65%. Throughout the whole treatment duration the turbidity was 
insignificantly changed and Do levels remained constant around saturation level.  
 Evaporation was encountered. Evaporation increased as the recirculating flow rate increased. 
 Although the tray photoreactor did not achieve the highest throughput or the highest initial 
degradation rate, the tray photoreactor fulfil the very important requirement of photo-catalyst 
stability and resistance to abrasion for multiple treatment cycles.  
 Epoxy TiO2 sand composite is promising for application in wastewater treatment due to its 
photoactivity, resistance to abrasion, and cost-effectiveness. For the newly developed TiO2 
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epoxy-sand composite, there are numerous opportunities for increasing efficiency and 
performance enhancement:  
o Achieving better mixing and dispersion of the TiO2 nanoparticles in the epoxy matrix. 
Ultrasonic mixing can be an option.  
o Maximizing the surface area of the incorporated TiO2 nanoparticles is also crucial. There is 
an active research on pore structure and design. 
o Doping of incorporated TiO2 nanoparticles with metals and non-metal dopants to increase 
the light absorption span and enhance the photocatalytic properties of the TiO2. 
o Optimizing the bed thickness to avoid using excess of TiO2 that is not exposed while 
maintaining the bed integrity.  
o Studying the mutual effect of TiO2 particle sizes and sand particle sizes.  
o Studies on long-term use of the photo-catalyst is required to assisst Epoxy resins resistance 
to long exposure to UV radiation. 
7.2.4. Potential for Scale-up and Commercialization 
 The ITP has an integrated storage which can accommodate for fluctuation in wastewater 
influent flow rate or disturbances in the treatment.  
 The ITP has the merit of passive oxygenation. No temperature control is needed. The system 
complexity and operating costs associated with supplying air or oxidants additions, and cooling 
are totally eliminated in the ITP. 
 The ITP is designed to use sunlight which decrease the treatment energy footprint. The ITP 
reactor can use artificial UV lighting as the application requires or during the non-sunny 
periods. 
 Minimizing the chemical consumption and handling as well as minimizing energy requirement 
render the ITP optimum for sustainable wastewater treatment.  
 The ITP does not include any transparent walls or pipes for radiation transmittance which may 
pose a limit on the reactor size, cause problems of filming, and are prone to breakage risks and 
UV- solarization. 
 Since ITP uses fixed-bed catalyst, there is no cost associated with catalyst separation after 
treatment ends. For the proposed ITP configuration, there is no potential for clogging of pumps, 
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valves and fitting which will eventually lead to a lower maintenance cost and higher operation 
reliability. 
 The only foreseen limitation for the ITP might be dealing with effluents containing suspended 
solids that might deposit on the photo-catalytic bed decreasing the treatment efficiency and 
requiring regeneration.   
 After the development of the ITP based on modular basis design, future research on treatment 
of larger volumes of wastewater can be conducted through: 
o Use of multiple units, i.e. the use of several nozzles and trays with a common recirculating 
system.  
o Increasing the size of the nozzles and trays provided that proper light penetration is 
maintained. 
 After the development of the ITP which is promising for scale-up and commercialization, 
treatment of difficult to treat wastewaters need to be tested.  
o To date chlorination is the most common disinfection method used for water disinfection.  
Viruses and protozoan ocysts and cysts are resistant to chlorine, they were found in 
reclaimed water effluents that have been disinfected by chlorination. The TiO2 
photocatalytic reactor is recommended for testing in difficult disinfection applications. 
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Annexes 
 
Annex I. Slurry Experimental Results 
Operational parameters are summarized in the following tables 
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Slurry – Run 3  
Phenol added: 150 mg 
Concentration: 20.3 mg/L 
Total Volume: 7.4 L 
Light intensity:  92 W/m2 
Catalyst: TiO2 - P25 Powder  
Catalyst loading: 0.34 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 23.5 25.5 26 25.8 25.8 
DO mg/L 7.82 7.59 7.58 7.4 7.62 
pH   8.07 8.04 8.09 8.08 8.26 
Phenol mg/L 20.3 18.6 17.5 16.7 15.9 
Phenol reduction %   8 14 18 22 
ΔT ᵒc   2 2.5 2.3 2.3 
 
 
 
  22 % Phenol reduction , Kapp = 0.06 hr-1  
Maximum T rise during experiment = 2.5 ᵒc 
141 
 
Slurry – Run 5   
Phenol added: 150 mg 
Concentration: 20.5 mg/L 
Total Volume:  7.3 L 
Flow rate: 19.1 L/min 
Light intensity:  89.8 W/m2 
 
Catalyst: TiO2 - P25 Powder  
Catalyst loading: 1.4 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 23.4 26.7 26.8 27.9 27.9 
DO mg/L 7.97 7.47 7.59 7.07 7.52 
pH   7.75 8.52 8.6 8.61 8.62 
Phenol mg/L 20.5 17.1 15.5 13.1 11.9 
Phenol reduction %   17 24 36 42 
ΔT ᵒc   3.3 3.4 4.5 4.5 
 
 
 
 
42 % Phenol reduction, Kapp = 0.138 hr-1  
Maximum T rise during experiment = 4.5 ᵒc 
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Slurry - Run 7  
Phenol added : 150 mg 
Concentration: 19.9 mg/L 
Total Volume: 7.4 L 
Flow rate: 18.7 L/min 
Light intensity:  62.2 W/m2 
 
Catalyst: TiO2 - P25  
slurry - used once 
Catalyst loading: 0.7 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 21.8 23.6 24.4 24.9 24.8 
DO mg/L 8.03 7.7 7.79 7.65 7.62 
pH   8.02 8.34 8.16 8.16 8.18 
Phenol mg/L 20.2 18.7 17.4 16.5 15.3 
Phenol reduction %   8 14 19 24 
ΔT ᵒc   1.8 2.6 3.1 3 
 
 
 
 
24 % Phenol reduction, Kapp = 0.066 hr-1   
Maximum T rise during experiment = 3.1 ᵒc 
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Slurry - Run 8  
Phenol added: 140 mg 
Concentration: 20.1 mg/L 
Total Volume: 7 L 
Flow rate: 19.2 L/min 
Light intensity:  61.4 W/m2 
 
Catalyst: TiO2 - P25 Powder 
Catalyst loading: 3 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 21.6 23.4 24 24.1 24.4 
DO mg/L 8.27 8.02 7.94 7.87 7.87 
pH   7.92 7.71 7.99 8.1 8.17 
Phenol mg/L 20.1 15.8 12.8 10.4 8.9 
Phenol reduction %   21 36 48 56 
ΔT ᵒc   1.8 2.4 2.5 2.8 
 
 
 
 
 56 % Phenol reduction, Kapp = 0.204 hr-1  
Maximum T rise during experiment = 2.8 ᵒc 
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Slurry - Run 9  
Phenol added: 140 mg 
Concentration: 19.8 mg/L 
Total Volume: 7.1 L 
Flow rate: 18.9 L/min 
Light intensity:  90 W/m2 
 
Catalyst: TiO2 - P25  
slurry - used once 
Catalyst loading: 3 g/L 
   
time 
min T0 T60 T120 T180 T240 
T ᵒc 21.5 24.2 25.4 24.4 24.0 
DO mg/L 8.32 7.97 7.77 7.88 7.78 
pH   8.10 8.02 8.06 8.07 8.07 
Phenol mg/L 19.8 16.2 14.0 11.4 10.1 
Phenol reduction %   18 29 43 49 
ΔT ᵒc   2.7 3.9 2.9 2.5 
 
 
 
 
 49 % Phenol reduction , Kapp = 0.168 hr-1 
Maximum T rise during experiment = 3.9 ᵒc 
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Slurry – Run 10  
Phenol added: 40 mg 
Concentration: 12.8 mg/L 
Total Volume: 3.1 L 
Flow rate: 18.8 L/min 
Light intensity:  60.2 W/m2 
 
Catalyst: TiO2 - P25  
slurry - used once 
Catalyst loading: 2 g/L 
 
time min T0 T30 T60 T90 T120 T150 T180 T210 T240 
T ᵒc 22.2 23.9 24.9 25.5 25.2 24.7 25.6 25 24.8 
DO mg/L 8.01 7.92 7.57 7.34 7.75 7.87 7.58 7.76 7.65 
pH   8.45 8.05 8.05 8.08 8.09 8.11 8.13 8.21 8.18 
Phenol mg/L 12.8 11.6 10.0 9.2 8.1 7.5 7.3 6.4 5.9 
Phenol reduction %   10 22 28 37 42 43 50 54 
Δ T ᵒc   1.7 2.7 3.3 3 2.5 3.4 2.8 2.6 
 
 
 
 
54 % Phenol reduction, Kapp = 0.192 hr-1  
Maximum T rise during experiment = 3.4 ᵒc 
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Slurry – Run 13  
Phenol added: 75 mg 
Concentration: 24.7 mg/L 
Total Volume: 3 L 
Flow rate: 18.6 L/min 
Light intensity:  61.1 W/m2 
 
Catalyst: TiO2 - P25  
slurry – used twice  
Catalyst loading: 4.1 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 20.7 23.6 25.1 24.5 25.4 
DO mg/L 9.28 8.93 8.61 8.87 8.65 
pH   8.61 8.61 8.63 8.65 8.64 
Phenol mg/L 24.7 18.1 16.2 11.4 8.9 
Phenol reduction %     27 34 54 
ΔT ᵒc   2.9 4.4 3.8 4.7 
 
 
 
64 % Phenol reduction , Kapp = 0.252 hr-1 
Maximum T rise = 4.7 ᵒc 
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Slurry – Run 14  
Phenol added: 75 mg 
Concentration: 25 mg/L 
Total Volume: 3 L 
Flow rate: 18.6 L/min 
Light intensity:  61.7 W/m2 
 
Catalyst: TiO2 - P25  
slurry – used twice  
Catalyst loading: 6 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 20.2 22.3 22.1 22.5 22.3 
DO mg/L 9.4 9.11 9.18 9.1 9.18 
pH   8.25 8.19 8.24 8.4 8.18 
Phenol mg/L 25.0 19.4 17.9 13.9 11.0 
Phenol reduction %   22 28 45 56 
ΔT ᵒc   2.1 1.9 2.3 2.1 
 
 
 
56 % Phenol reduction , Kapp = 0.198 hr-1 
Maximum T rise = 2.3 ᵒc 
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Slurry – Run 15  
Phenol added: 75 mg 
Concentration: 24.8 mg/L 
Total Volume: 3 L 
Flow rate: 18.4 L/min 
Light intensity:  60.2 W/m2 
 
Catalyst: TiO2 - P25  
slurry - used twice 
Catalyst loading: 2 g/L
 
time min T0 T60 T120 T180 T240 
T ᵒc 21 23.3 23.7 23.4 23.2 
DO mg/L 9.41 9.07 9.01 9.14 9.16 
pH   8.51 8.58 8.5 8.59 8.58 
Phenol mg/L 24.8 18.6 15.9 14.2 10.7 
Phenol reduction %   25 36 43 57 
ΔT ᵒc   2.3 2.7 2.4 2.2 
 
 
 
 
57 % Phenol reduction, Kapp = 0.198 hr-1  
Maximum T rise = 2.7 ᵒc 
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Slurry – Run 16 
Phenol added: 140 mg 
Concentration: 19.8 mg/L 
Total Volume: 7.1 L 
Flow rate: 19 L/min 
Light intensity:  Sun  
                            43.1 W/m2 
Catalyst: TiO2 - P25  
slurry - used 3 times 
Catalyst loading: 2 g/L 
 
time   12:10 1:10 2:10 3:10 4:10 
  min T0 T60 T120 T180 T240 
T ᵒc 25.8 26.3 24.5 24.5 23.5 
DO mg/L 8.29 8.25 8.66 8.67 8.83 
pH   8.37 8.63 8.65 8.65 8.66 
Phenol mg/L 19.8 16.3 13.0 10.7 8.7 
Phenol reduction %   18 34 46 56 
ΔT ᵒc   0.5 -1.3 -1.3 -2.3 
 
 
 
56% Phenol reduction, Kapp = 0.21 hr-1  
Maximum T rise = 0.5 ᵒc 
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Slurry – Run 17 
Phenol added: 140 mg 
Concentration: 20 mg/L 
Total Volume: 7.1 L 
Flow rate: 18.2 L/min 
Light intensity:  75.6 W/m2 
 
Catalyst: TiO2 - P25  
Catalyst loading: 2 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 23.4 26.4 25.8 26.3 26.8 
DO mg/L 8.91 8.34 8.72 8.57 8.54 
pH   8.16 8.39 8.45 8.46 8.48 
Phenol mg/L 20.0 15.8 14.2 13.5 11.0 
Phenol reduction %   20.91 29.11 32.26 45.09 
ΔT ᵒc   3 2.4 2.9 3.4 
 
 
 
 
45 % Phenol reduction, Kapp = 0.138 hr-1  
Maximum T rise =  3.4ᵒc 
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Slurry – Run 18  
Phenol added: 60 mg 
Concentration: 20.1 mg/L 
Total Volume: 3 L 
Flow rate: 18.6 L/min 
Light intensity:  60.2 W/m2 
 
Catalyst: TiO2 - P25  
slurry – used twice  
Catalyst loading: 1.9 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 23.7 26 26.1 26.5 26.1 
DO mg/L 8.85 7.34 7.31 7.23 7.36 
pH   8.47 8.55 8.58 8.6 8.62 
Phenol mg/L 20.1 14.7 12.9 9.6 8.7 
Phenol reduction %   19 32 52 57 
ΔT ᵒc   2.3 2.4 2.8 2.4 
 
 
 
 
57 % Phenol reduction, Kapp = 0.21 hr-1  
Maximum T rise = 2.8 ᵒc 
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Slurry – Run 19  
Phenol added: 362 mg 
Concentration: 20.1 mg/L 
Total Volume: 18 L 
Flow rate: 20.2 L/min 
Light intensity:  59.9 W/m2 
 
Catalyst: TiO2 - P25  
slurry – used once  
Catalyst loading: 2 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 22.9 25.2 26.1 27.5 27.5 
DO mg/L 7.63 7.37 7.35 7.2 7.06 
pH   8.20 8.36 8.45 8.44 8.5 
Phenol mg/L 20.09 15.03 17.83 16.51 14.52 
Phenol reduction %     25.17 11.27 17.82 
ΔT ᵒc   2.3 3.2 4.6 4.6 
 
 
 
 
28 % Phenol reduction, Kapp = 0.078 hr-1  
Maximum T rise = 4.6 ᵒc 
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Slurry – Run 21  
Phenol added: 140 mg 
Concentration: 19.3 mg/L 
Total Volume: 7.2 L 
Flow rate: 20.3 L/min 
Light intensity:  60.2 W/m2 
H2O2 : 50 mg/L 
Catalyst: TiO2 - P25  
slurry – used once  
Catalyst loading: 2 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 22.5 24.5 25.6 26 25.6 
DO mg/L 7.79 7.53 7.36 7.27 7.39 
pH   7.84 7.97 8.03 8.11 8.19 
Phenol mg/L 19.3 14.2 13.1 11.1 6.4 
Phenol reduction %   26.5 31.9 42.3 66.7 
ΔT ᵒc   2 3.1 3.5 3.1 
 
 
 
 
67 % Phenol reduction  
Maximum T rise = 3.5 ᵒc 
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Slurry – Run 22   
Phenol added: 140 mg 
Concentration: 19.7 mg/L 
Total Volume: 7.1 L 
Flow rate: 19.8 L/min 
Light intensity:  61.3 W/m2 
H2O2 : 150 m g/L 
Catalyst: TiO2 - P25  
slurry – used 4 times  
Catalyst loading: 2 g/L 
 
time min T0 T60 T120 T180 T240 
T ᵒc 22.8 24.2 25.6 25.1 25.1 
DO mg/L 7.65 7.68 7.3 7.5 7.44 
pH   7.79 8.04 8.05 8.07 8.23 
Phenol mg/L 19.71 15.28 15.09 13.52 12.77 
Phenol reduction %   22.44 23.40 31.38 35.18 
ΔT ᵒc   1.4 2.8 2.3 2.3 
 
 
 
 
35 % Phenol reduction  
Maximum T rise = 2.8 ᵒc 
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Annex II. ANOVA Analysis: Catalyst Loading – Light Intensity  
 
Phenol Removed 
mg/L 
catalyst 
g/L 
Light Intensity 
60 W/m2 90 W/m2 
0.35 16.7 15.9 
0.7 15.3 15.1 
1.4 14.6 11.9 
2.9 8.9 10.1 
 
Anova: Two-Factor Without Replication     
       
SUMMARY Count Sum Average Variance   
Row 1 2 32.60 16.30 0.33   
Row 2 2 30.43 15.21 0.04   
Row 3 2 26.53 13.26 3.60   
Row 4 2 19.00 9.50 0.74   
       
Column 1 4 55.55 13.89 11.85   
Column 2 4 53.00 13.25 7.33   
       
       
ANOVA       
Source of Variation SS df MS F P-value F crit 
Rows 53.66 3 17.89 13.78 0.03 9.28 
Columns 0.81 1 0.81 0.63 0.49 10.13 
Error 3.89 3 1.30    
       
Total 58.36 7         
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Annex III. Tukey’s Test: Catalyst Loading – Light Intensity 
   Catalyst loading time hr 
   g/L 0 1 2 3 4 
60 W/m2 
Run 2 1 0.35 19.9 18.1 17.4 17.1 16.7 
Run 7 2 0.7 20.2 18.7 17.4 16.5 15.3 
Run 6 3 1.4 20.1 18.2 17.7 15.5 14.6 
Run 8 4 3 20.1 15.8 12.8 10.4 8.9 
90 W/m2 
Run 3 5 0.35 20.3 18.6 17.5 16.7 15.9 
Run 4 6 0.7 20.7 18.2 17.9 16.1 15.1 
Run 5 7 1.4 20.5 17.1 15.5 13.1 11.9 
Run 9 8 3 19.8 16.2 14.0 11.4 10.1 
 
Anova: Two-Factor Without Replication     
       
SUMMARY Count Sum Average Variance   
Row 1 5 89.21 17.84 1.54   
Row 2 5 88.18 17.64 3.60   
Row 3 5 86.12 17.22 4.78   
Row 4 5 67.95 13.59 20.04   
Row 5 5 89.08 17.82 2.97   
Row 6 5 88.06 17.61 4.74   
Row 7 5 78.04 15.61 11.51   
Row 8 5 71.57 14.31 15.16   
       
Column 1 8 161.63 20.20 0.10   
Column 2 8 140.92 17.62 1.24   
Column 3 8 130.42 16.30 3.77   
Column 4 8 116.68 14.58 6.89   
Column 5 8 108.56 13.57 8.34   
       
       
ANOVA       
Source of Variation SS df MS F P-value F crit 
Rows 103.04 7 14.72 10.48 2.12E-06 2.36 
Columns 217.99 4 54.50 38.80 4.88E-11 2.71 
Error 39.33 28 1.40    
       
Total 360.36 39         
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MSE 1.40      
n 5      
a 8      
N 40      
α 0.05      
f =  a(n-1) 32      
       
q0.05(8,32) 4.6      
Mse/n 0.280933      
T0.05 2.438144      
       
ӯ4. - ӯ8.  -0.72441 the means of treatments are not different 
ӯ3. - ӯ7.  1.614623 the means of treatments are not different 
ӯ2. - ӯ6.  0.024158 the means of treatments are not different 
ӯ1. - ӯ5.  0.02707 the means of treatments are not different 
  
Tα=  qα(a, f)√MSE/n 
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Annex IV. ANOVA Analysis : H2O2 Addition 
 H2O2 Time hr 
 mg/L 0 1 2 3 4 
Run 21 50 19.29 14.19 13.14 11.14 6.42 
Run 22 150 19.71 15.28 15.09 13.52 12.77 
Run 17 0 19.96 15.79 14.15 13.52 10.96 
 
Anova: Two-Factor Without Replication    
       
SUMMARY Count Sum Average Variance   
Row 1 5 64.18 12.84 21.92   
Row 2 5 76.38 15.28 7.25   
Row 3 5 74.37 14.87 11.09   
       
Column 1 3 58.96 19.65 0.11   
Column 2 3 45.26 15.09 0.67   
Column 3 3 42.39 14.13 0.95   
Column 4 3 38.18 12.73 1.89   
Column 5 3 30.15 10.05 10.72   
       
       
ANOVA       
Source of Variation SS df MS F P-value F crit 
Rows 17.12 2 8.562 5.92 0.026 4.46 
Columns 149.47 4 37.366 25.83 0.000 3.84 
Error 11.57 8 1.447    
       
Total 178.16 14         
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Annex V. Titanium Recovery Calculation 
The XRF analysis for raw sand and coated sand are shown in Table 12. 
Table 12: XRF analysis  
Sample SiO2 Al2O Fe2O3 CaO MgO SO3 K2O Na2O TiO2 Total 
S raw 93.31 2.52 1.57 0.40 0.10 0.05 0.58 0.26 1.12 99.91 
SC 20% 91.11 2.50 1.83 0.43 0.10 0.04 0.58 0.26 3.04 99.89 
SC 50% 90.98 2.54 1.57 0.39 0.09 0.05 0.59 0.27 3.45 99.93 
The weight of TiO2 thin film is given by Equation 45. 
𝑚𝑇𝑖𝑂2 𝑐𝑜𝑎𝑡 =  ( 𝑥𝑐𝑜𝑎𝑡𝑒𝑑 𝑠𝑎𝑛𝑑 − 𝑥𝑟𝑎𝑤 𝑠𝑎𝑛𝑑) 𝑚𝑠  Equation 45 
where 𝑥𝑐𝑜𝑎𝑡𝑒𝑑 𝑠𝑎𝑛𝑑  and𝑥𝑟𝑎𝑤 𝑠𝑎𝑛𝑑  are the weight fractions of TiO2 on the coated sand and the raw 
sand respectively, 𝑚𝑠   is the weight of sand.  
 𝑇𝑖 𝑎𝑑𝑑𝑒𝑑 and 𝑇𝑖 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑  are calculated from Equation 46 and Equation 47. 
𝑇𝑖 𝑎𝑑𝑑𝑒𝑑 = 𝑢𝑠𝑒𝑑 𝑇𝑇𝐼𝑃 ∗ 
𝑇𝑖𝑎𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡
𝑇𝑇𝐼𝑃𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
 
Equation 46 
 
𝑇𝑖 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = 𝑇𝑖𝑂2 𝑐𝑜𝑎𝑡 ∗  
𝑇𝑖𝑎𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡
𝑇𝑖𝑂2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
 
Equation 47 
Table 13: Titanium recovery 
 
TiO2 coat  
gm 
Ti  coat 
gm 
TTIP % 
TTIP 
gm 
Ti  added 
gm 
% recovered 
on coat 
SC 20% 0.384 0.230 20 4 0.673 34.2 
SC 50% 0.466 0.279 50 10 1.682 16.6 
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Annex VI. Anatase Crystallite Size Calculation – Water Molar Ratio 
 
  
 
Figure 66: Anatase strong peak for water molar ratio a) 4 and b) 10 
 
Table 14: Crystallite size for 4 and 10 water molar ratios 
Hydrolysis 
ratio 
k λ nm θ B ᵒ 
B 
radians 
L 
nm 
4 0.9 0.15418 25.281 0.55 0.0096 14.62 
10 0.9 0.15418 25.281 0.6 0.0105 13.40 
a 
b 
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Annex VII. Anatase Crystallite Size Calculation – Aging 
 
 
Figure 67: Anatase strong peak for a) aged and b) directly dried nanoparticles  
 
Table 15: Crystallite size for aged and directly dried nanoparticles 
Aging 
time 
k λ nm θ B ᵒ B radians 
L 
nm 
24 hours 0.9 0.15418 25.281 0.65 0.0113 12.37 
0 0.9 0.15418 25.281 0.7 0.0122 11.48 
  
b 
a 
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Annex IX. Supported Experimental Results 
Operational parameters are summarized in the following tables 
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Supported – Run 3  
Phenol added: 75 mg 
Concentration: 25.1 mg/L 
Total Volume:  3 L 
Flow rate: 18 L/min 
Light intensity:  50.5 W/m2 
 
Catalyst: TSC  
 
 
time min T0 T60 T120 T180 T240 
T ᵒc 23.9 25.5 25.6 25.5 25.5  
DO mg/L 7.92 7.95 7.96 8 8.1  
pH   8.38 8.43 8.37 8.39 8.41  
Phenol mg/L 25.14 23.97 23.28 23.32 23.09 
Phenol reduction %   4.65 7.39 7.24 8.13 
Turbidity  FTU 25 69 80 125 174 
ΔT ᵒc   1.6 1.7 1.6  1.6 
 
 
 
 
8 % Phenol reduction  
Maximum T rise = 1.7 ᵒc  
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Supported – Run 4  
Phenol added: 75 mg 
Concentration: 24.9 mg/L 
Total Volume: 3 L 
Flow rate: 18.5 L/min 
Light intensity:  51.6 W/m2 
 
Catalyst: C- TSC  
 
 
 
time min T0 T60 T120 T180 T240 
Phenol mg/L 24.9 23.0 22.3 20.0 18.9 
Phenol reduction %   8 10 19 24 
Turbidity FTU 34 105 302 440 461 
 
 
 
24% Phenol reduction  
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Supported – Run 5  
Phenol added: 77 mg 
Concentration: 2 mg/L 
Total Volume: 3 L 
Flow rate: 17.5 L/min 
Light intensity:  51 W/m2 
 
Catalyst: E-TSC-10  
 
 
time min T0 T60 T120 T180 T240 
Phenol mg/L 25.2 21.3 18.3 17.6 16.8 
Phenol reduction %   16 27 30 34 
Turbidity FTU 32 39 44 49 54 
 
 
 
 
34 % Phenol reduction, Kapp = 0.005 mgL-1 hr-1 
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Supported – Run 8  
Phenol added: 76 mg 
Concentration: 25.3 mg/L 
Total Volume: 3 L 
Flow rate: 17.9 L/min 
Light intensity:  62.3 W/m2 
 
Catalyst: E-TSC-5  
 
 
time min T0 T60 T120 T180 T240 
T ᵒc 25.3 24.4 24.2 23.5 23.5 
DO mg/L 7.77 8.06 8.2 8.35 8.26 
pH   8.34 8.33 8.27 8.28 8.3 
Phenol mg/L 25.3 18.3 16.7 15.2 13.6 
Phenol reduction %     28 34 40 46 
TOC mg/L 19.73 19.72 19.21 18.18 17.15 
TOC reduction %    0.06 2.67 7.85 13.08 
 
 
 
 
46 % Phenol reduction, Kapp = 0.0079 mgL-1 hr-1 
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Supported – Run 11  
Phenol added: 75 mg 
Concentration: 24.8 mg/L 
Total Volume: 3 L 
Flow rate: 25.5 L/min 
Light intensity:  59.5 W/m2 
 
Catalyst: E-TSC-5  
 
 
time min T0 T120 T240 T360 T450 
T ᵒc 24.8 24.4 24.5 25.9 26.4 
DO mg/L 8.52 8.7 8.85 8.45 8.49 
Phenol mg/L 24.7 19.3 13.8 12.6 8.5 
Phenol reduction %   22 44 49 66 
Turbidity FTU 17.5 7.5 12 25.5 21.5 
 
 
 
 
 
66 % Phenol reduction, Kapp = 0.0105 mgL-1 hr-1 
Maximum T rise = 1.6 ᵒc 
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Supported – Run 12  
Concentration: 25 mg/L 
Total Volume: 3 L 
Flow rate: 20.7 L/min 
Light intensity:  60.5 W/m2 
Catalyst: E-TSC-5 
 
Operation mode: Continuous 
Influent/effluent flow rate: 
500 mL/hr  
 
time min T0 T120 T240 T360 T480 T600 
T ᵒc 25 23.2 22.7 23.4 23.1 24.1 
DO mg/L 8.45 8.51 8.5 8.49 8.59 8.5 
pH               
Phenol mg/L 25.2 12.9 12.5 11.5 11.8 10.4 
Phenol reduction % 0 49 50 54 53 59 
Turbidity FTU 1 22 30 15 8 9 
 
 
 
 
55 % Phenol reduction at steady state 
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Supported – Run 14  
Concentration: 25 mg/L 
Total Volume: 3.4 L 
Flow rate: 23.6 L/min 
Light intensity:  43.3 W/m2 
Catalyst: E-TSC-5 
 
Operation mode: 
Continuous 
Influent/effluent flow rate: 
550 mL/hr  
 
time min T0 T120 T240 T360 T480 T600 
T ᵒc 23.7 25.4 25.4 26.9 26.1 25.5 
DO mg/L 8.51 8.34 8.31 8.12 8.69 8.77 
Phenol mg/L 25.5 14.3 9.4 8.2 8.8 8.9 
Phenol reduction %   44 63 68 65 65 
TOC mg/L 19.04 16.74 13.92 9.61 8.13 6.86 
TOC reduction %   12.08 26.91 49.52 57.30 64.00 
Theoretical TOC mg/L 19.11 10.74 7.04 6.13 6.62 6.64 
 
   
 
65 % Phenol reduction at steady state 
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Supported – Run 15  
Phenol added: 170 mg 
Concentration: 49.5 mg/L 
Total Volume: 3.4 L 
Flow rate: 23.2 L/min 
Light intensity:  45 W/m2 
 
Catalyst: E-TSC-5  
 
 
time min T0 T120 T240 T360 T480 
T ᵒc 21.6 22.6 22.7 22.7 22.2 
DO mg/L 8.94 8.8 8.9 9.14 9.3 
Phenol mg/L 49.55 31.80 23.62 18.56 14.73 
Phenol reduction %   36 52 63 70 
∆T ᵒc   1.0 1.1 1.1 0.6 
 
 
 
 
70 % Phenol reduction, Kapp = 0.0059 mgL-1 hr-1 
Maximum T rise = 1.1 ᵒc 
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ANOVA Analysis: Immobilization Techniques  
 
 Time hr 
 0 1 2 3 4 
C-TSC 24.89 22.98 22.35 20.04 18.92 
E-TSC-10 25.22 21.31 18.29 17.61 16.77 
TSC 25.14 23.97 23.28 23.32 23.09 
 
Anova: Two-Factor Without Replication     
        
SUMMARY Count Sum Average Variance    
Row 1 5 109.17 21.83 5.66    
Row 2 5 99.20 19.84 11.97    
Row 3 5 118.79 23.76 0.70    
        
Column 1 3 75.24 25.08 0.03    
Column 2 3 68.25 22.75 1.81    
Column 3 3 63.92 21.31 7.02    
Column 4 3 60.96 20.32 8.20    
Column 5 3 58.78 19.59 10.35    
        
        
ANOVA        
Source of Variation SS df MS F P-value F crit  
Rows 38.40 2 19.199 9.354 0.008 4.459  
Columns 56.92 4 14.230 6.933 0.010 3.838  
Error 16.42 8 2.052     
        
Total 111.74 14          
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Annex X. ANOVA Analysis: TiO2 Loading on Epoxy Coating  
 Time hr 
 0 1 2 3 4 
E-TSC-2.5 25.00 22.65 20.09 19.20 17.80 
E-TSC-5 25.32 18.32 16.70 15.22 13.63 
E-TSC-10 25.22 21.31 18.29 17.61 16.77 
E-TSC-20 25.08 24.25 23.00 21.98 21.12 
 
Anova: Two-Factor Without Replication    
       
SUMMARY Count Sum Average Variance   
Row 1 5 104.73 20.95 8.25   
Row 2 5 89.19 17.84 20.50   
Row 3 5 99.20 19.84 11.97   
Row 4 5 115.42 23.08 2.61   
       
Column 1 4 100.62 25.15 0.02   
Column 2 4 86.52 21.63 6.31   
Column 3 4 78.08 19.52 7.29   
Column 4 4 74.01 18.50 8.04   
Column 5 4 69.31 17.33 9.52   
       
       
ANOVA       
Source of Variation SS df MS F P-value F crit 
Rows 71.92 3 23.97 13.29 0.00040 3.49 
Columns 151.70 4 37.93 21.02 0.00002 3.26 
Error 21.65 12 1.80    
       
Total 245.27 19         
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Annex XI. Phenol Theoretical Concentration Profiles 
Theoretical concentration profile for the continuous mode operation calculated by Euler’s 
method is shown in Table 16.  
K 0.0105 mgL-1 hr-1  Qin 0.5 L/hr 
Cin 25 mg/L  Qo 0.5 L/hr 
V 3 L/hr  QinCin/V 4.17  
Table 16: Phenol theoretical concentration profile for continuous operation 
t Ct QoCt/V KCt (dC/dt )t Ct+∆t 
0 25.00 4.17 6.56 -6.56 18.44 
1 18.44 3.07 3.57 -2.48 15.96 
2 15.96 2.66 2.68 -1.17 14.79 
3 14.79 2.47 2.30 -0.60 14.20 
4 14.20 2.37 2.12 -0.32 13.88 
5 13.88 2.31 2.02 -0.17 13.71 
6 13.71 2.29 1.97 -0.09 13.62 
7 13.62 2.27 1.95 -0.05 13.57 
8 13.57 2.26 1.93 -0.03 13.54 
9 13.54 2.26 1.93 -0.02 13.53 
10 13.53 2.25 1.92 -0.01 13.52 
Theoretical concentration profile for the batch mode operation calculated by the second order 
degradation rate model is shown in Table 17.  
Cin 25 mg/L  K 0.0105 mgL-1 hr-1 
Table 17: Phenol theoretical concentration profile for batch operation 
t Kt 1/C C 
0 0.00 0.04 25.00 
1 0.01 0.05 19.80 
2 0.02 0.06 16.39 
3 0.03 0.07 13.99 
4 0.04 0.08 12.20 
5 0.05 0.09 10.81 
6 0.06 0.10 9.71 
7 0.07 0.11 8.81 
8 0.08 0.12 8.06 
9 0.09 0.13 7.43 
10 0.11 0.15 6.90 
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Annex XII. Photo-catalyst Multiple Use 
 
E-STC-5 was used for the following consecutive runs as detailed in Table 18. 
 
Table 18: E-TSC-5 multiple use 
Experimental run 
time 
average flow 
rate 
Recirculated 
volume 
hr L/min L 
batch 2 4 23.5 94 
long batch 1 8 23.2 185.6 
long batch 2 7.5 25.5 191.25 
continuous  1 10 20.7 207 
continuous 2 10 23.6 236 
continuous 3 10 22.8 228 
average 49.5 23.07 1141.85 
 
